he - 


THE DEVELOPMENT OF 


IRON AND STEEL TECHNOLOGY 


IN CHINA 


The Development of Iron and Steel 
Technology in China 


BY 


JOSEPH NEEDHAM, Sc.D., F.R.S. 
Fellow of Gonville & Caius College, Cambridge 


Second Biennial Dickinson Memorial Lecture 
to the 


Newcomen Society 1956 


PUBLISHED FOR 
THE NEWCOMEN SOCIETY 


BY W. HEFFER & SONS LIMITED 


1964 


© 1964 The Newcomen Society 


Originally published by the Newcomen Society in 1958 


Reprinted by photo litho and bound by 
W. Heffer & Sons Ltd., Cambridge, England 


SECOND BIENNIAL DICKINSON MEMORIAL LECTURE 
9 May 1956 


Introductory Remarks by the President 
A. Stowers, B.Sc., M.I.Mech.E., A.M.I.C.E. 


Ladies and Gentlemen, this is the Second Biennial Dickinson Memorial Lecture and I am 
delighted to see so many present this evening; to all of you I extend on behalf of the Council a 
very cordial welcome. The First Dickinson Memorial Lecture was given in this theatre on 
12 May 1954 by Dr Charles Singer, the well-known historian of science, who entitled his 
discourse “The Happy Scholar”, and received the first Memorial Medal; he gave a most appro- 
priate inaugural Lecture and we hope a Lecture will be held every second year for a long time. 

Many of us enjoyed the friendship and valuable guidance of Dr Henry Winram Dickinson, 
and we have personal knowledge of the unique position which he held in the field of engineer- 
ing and technological history due to his never-flagging search for the true facts and to his 
accurate publications. 

It will help those who did not have the privilege of meeting ‘“‘Dickie’’, as he was affection- 
ately known, if I give a very brief account of his life. He was born on 28 August 1870 in 
Ulverston, Lancashire, and educated at Manchester Grammar School and Owen’s College 
(later the University of Manchester). After his apprenticeship and several years’ practical 
experience in steelworks, he entered the South Kensington Museum in 1895 as a Junior 
Assistant and rose to be the senior of the Keepers in the Science Museum, retiring from the 
Civil Service in 1930 after thirty-five years’ loyal service under four directors. For three years 
in the first World War he was Secretary of the Munitions Inventions Panel of the Ministry of 
Munitions. 

In 1919 he was an active member of the committee which organized the commemoration in 
Birmingham of the centenary of the death of James Watt and, arising out of this, Dickinson in 
collaboration with Arthur Titley, our first President, took a leading part in the foundation of 
the Newcomen Society in 1920. For the next thirty-one years he guided the Society as Hon. 
Secretary and was Editor of the first twenty-five volumes of the Transactions. He was President 
from 1932 to 1934 and in recognition of his most valuable work on behalf of the Society he was 
elected Secretary Emeritus in the year before his death, which took place on 21 February 1952; 
the only man who has ever received this honour. 

Dickinson contributed twenty-three Papers to the Transactions and wrote seven books, 
mostly as sole author. Nearly all his work was connected with the industrial revolution in 
Britain, its technological developments and the craftsmen who were responsible. The two 
memorial volumes which he wrote, fames Watt and the Steam Engine (jointly with Rhys 
Jenkins), Richard Trevithick, the Engineer and the Man (jointly with Arthur Titley), and his 
last work, History of the Water Supply of Greater London, are standard works which are 
unlikely to be surpassed. His numerous activities and attainments have been recorded else- 
where and I need only mention that he was an active Vice-Chairman of the Cornish Engines 
Preservation Society; having been a member of the Institution of Mechanical Engineers for 
over fifty years he was promoted to Honorary Membership; he visited the U.S.A. twice, 
delivered numerous lectures there, and in 1938 received the Honorary Degree of D.Eng. at 
Lehigh University. Dickinson, by his own work and his encouragement of other authors, 
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established the high standard of this Society’s publications, and I shall always remember his 
last words to me: ‘‘Never let the standard fall”. He set us the highest example and it is the 
bounden duty of the members of our Society, to which he devoted all his strength, to see that 
the standard which he set is maintained. 

Tonight we are very privileged to have as our special Lecturer Dr Joseph Needham, whom 
our immediate Past President invited because he is a very distinguished man of science. 
Dr Needham is an F.R.S., Sc.D. of Cambridge University, and Hon.D.Sc. of Brussels 
University. He is a Fellow of Gonville and Caius College and Sir William Dunn Reader in 
Biochemistry at Cambridge since 1933. During the last twenty-five years he has been Visiting 
Professor at several American Universities and special Lecturer at Oxford, London and other 
Universities. From 1942 to 1946 he was Head of the British Scientific Mission in China, and 
Counsellor in the British Embassy, and later he was Director of the Department of Natural 
Sciences in Unesco. Dr Needham has written or edited at least twenty books, the latest and 
greatest being his Science and Civilization in China to be completed in ten volumes. This 
monumental work will form a comprehensive study of the historical development of Chinese 
science, philosophy and technology. 

Dr Needham, who was free to choose his subject, has entitled his Lecture ‘Iron and Steel 
Production in Ancient and Mediaeval China”. This is particularly appropriate for three 
reasons: 

(1) The history of metallurgy was one of Dr Dickinson’s special interests, for he was the son 
of the General Manager of the North Lonsdale Iron & Steel Co. Ltd, Ulverston, and as a boy 
must have been very familiar with the sight of iron and steel manufacture in his father’s Works. 
He served his apprenticeship at the Parkhead Steelworks of Wm. Beardmore & Co., Glasgow, 
whose founder, Sir William Beardmore, was born a hundred years ago. Dickinson then worked 
for the Glasgow Iron & Steel Co. Ltd, and later for the Frodingham Iron & Steel Co. During 
his earliest years in this Museum he specialized in mining and metallurgy, before taking up the 
history of the steam engine. 

(2) This year 1956 is the centenary of two of the greatest developments in iron and steel 
manufacture, namely, (a) Sir Henry Bessemer’s patent for making steel directly from certain 
grades of cast iron by blowing air through the molten iron in Bessemer converters, and (b) Sir 
William Siemens’ invention of his regenerative furnace designed to increase the temperature 
and save fuel. Both inventions gave a tremendous impetus to the production of cheaper steel 
both at home and abroad. 

(3) Dr Needham’s experience is founded on his study of original sources in China, where he 
has lived for several years, blended with his wide knowledge of Western science and its 
history. He therefore speaks to us tonight with authority based on profound scholarship and 
practical research. 

I now have much pleasure in inviting Dr Joseph Needham to deliver the Second Dickinson 
Biennial Memorial Lecture entitled: 

“Tron and Steel Production in Ancient and Mediaeval China.” 


PRESENTATION OF THE DICKINSON MEMORIAL MEDAL 
and Vote of Thanks after the Lecture, proposed by the President 


Ladies and Gentlemen, I am sure you will all agree that it has been a great pleas i 

é , ure to listen t 
Dr Needham’s masterly Lecture of the greatest interest on this aitbibes whieh is only a fae 
tional part of his researches on the History of China. I hope Dr Needham will enable the 
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Society to print his Lecture in full with several illustrations in the Transactions by expanding 
the résumé, of which you have copies. The Lecture will, of course, be regarded as a “classic” 
on early metallurgy, a subject of great importance and of lively interest to so many of our 
members at home and abroad. 

It is a great privilege for me to propose a very cordial vote of thanks to you, Dr Needham, 
on behalf of our members and visitors here this evening, and also on behalf of our many 
members in this country and abroad, for giving us such an excellent Memorial Lecture, and 
I have the honour to present to you on behalf of the Newcomen Society the Dickinson 
Memorial Medal for 1956, which has already been inscribed with your name. 

I have much pleasure in asking Mr Wailes* to second this vote of thanks. 


Mr Wailes: 

Mr President, Ladies and Gentlemen, we have been extremely fortunate this evening in 
hearing the leading authority on the technology of China presenting one facet of his subject in 
a way which could be matched by no-one else. Dr Needham is that rare being, a literary and 
scientific scholar combined in one person; and it was his scientific attainments that led him, 
almost by chance, to the study of the Chinese language, through his training of Chinese 
research workers at Cambridge. He made the very most of what spare time he had in China, 
and now has in his rooms at Caius a superb library of Chinese books of which he was kind 
enough to show me some of the treasures last year. 

Of recent years it has become the fashion in one, at least, of our major engineering institu- 
tions, for the proposer and seconder of a vote of thanks to a lecturer to discuss his lecture. This 
is a piece of impertinence which I do not propose to imitate, for we have heard not a paper 
offered for discussion, but a lecture by an authority who is also an enthusiast; and Dr Needham 
is and always has been, an enthusiast. I say this with conviction, for I first knew him exactly 
forty-one years ago this month, and at one period shared a study with him at Oundle. 

It is therefore with the greatest pleasure that I second this vote of thanks to Dr Needham, 
and I ask you to show by your applause your pleasure in endorsing it. 


* Rex Wailes, F.S.A., M.I.Mech.E. (Immediate Past-President). 
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NOTES 


sd 
(1) Reference numbers to the bibliography are indicated by arabic numbers enclosed in brackets. 
Numbers in italics indicate that the entry is in Chinese or Japanese language. Numbers do not 
necessarily begin with 1, nor do they necessarily follow a consecutive order, for they are 
identical with the references in Science and Civilization in China. 


(2) References to footnotes are indicated by * + } || § etc. 


(3) References to the glossary of Chinese characters (for technical terms, etc.) are indicated by 
superscript numbers. 


(4) Translation ascriptions follow the convention: “‘tr.auct.” means “translation by the author and 
his collaborators”; ‘‘adjuv. Dubois” means the same, but having regard to the previous transla- 
tion of Dubois; ‘“‘eng. auct.” also means translation, but from a European language. 


(5) a.D. and B.c, are replaced by + and —. 


ABBREVIATIONS 


CSHK — Chhiian Shang-Ku San-Tai Chhin Han San-Kuo Liu Chhao Wén (Complete collection 
of prose literature, including fragments, from remote antiquity through the Chhin and 
Han dynasties, the Three Kingdoms, and the Six Dynasties), ed. Yen Kho-Chiin, 


+1836. 
G “Chinese Biographical Dictionary”, H. A. Giles, 1898 
K “Grammata Serica” (dictionary giving the ancient forms and phonetic values of 


Chinese characters), B. Karlgren, 1940. 
MCPT = Méng Chhi Pi Than (Dream Pool Essays), by Shen Kua, +1086/-+1091. 
PTKM _ Pén Tshao Kang Mu (The Great Pharmacopoeia), by Li Shih-Chen, +1596. 


TKKW = Thien Kung Khai Wu (The Exploitation of the Works of Nature), by Sung Ying-Hsing, 
+1637. 


TPYL Thai-Phing Yii Lan (The Thai-Phing reign-period (Sung) imperial Encyclopaedia), 
ed. Li Fang, +983. 


ASCRIPTION 


The material of this lecture will form part of the fourth volume of Science and Civilization in China, 
now in course of publication in seven volumes by the Cambridge University Press. 
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THE DEVELOPMENT OF IRON AND STEEL 
TECHNOLOGY IN CHINA 


Today we propose to honour the memory of H. W. Dickinson by a disquisition which we 
believe would have accorded well with his own metallurgical interests. Its aim will be to 
elucidate the course which siderurgical knowledge and practice took in that other civilization 
away at the eastern end of the Old World, that great civilization of China to which our own 
owes so much more than is yet realized. We shall find some reason to view it with an absorbing 
interest, for in its development of the technology of iron and steel it seems to have followed a 
course radically different from that taken in Indian, Islamic and European culture. It will 
suggest to us, I hope, something of the debts which each great civilization owes to the others, 
for no one of them takes the lead all the time, and even in the days when intercourse and travel 
were very difficult, nothing completely stopped the flow of ideas and techniques. 


THE BRONZE-AGE PRELUDE 


A suitable starting-point is afforded by those bronze glaives or straight double-edged swords 
which were a standard weapon in the middle of the —1st millennium.* (Fig.1) It is good to 
recall the passage in the Lii Shih Chhun Chhiu (ca. —240) in which the sophist argues with the 
swordsmith.t 

“A swordsmith said, ‘White metal (tin) makes the sword hard, yellow metal (copper) makes it 
elastic. When yellow and white are mixed together, the sword is both hard and elastic, and these are 
the best ones’. Somebody argued with him, saying, ‘The white is the reason why the sword is not 
elastic, the yellow is the reason why the sword is not hard. If you mix yellow and white together the 
sword cannot be both hard and elastic. Besides, if it were soft it would easily bend, and if it were 
hard it would easily break. A sword which easily bends and breaks—how could it be called a sharp 
one?’ Now a sword does not change its nature, yet some may call it good and some bad; that is only 
a matter of opinion. If you know how to distinguish between good and bad arguments, nonsense 
will cease. If you do not, then there is no difference between Yao and Chieh.”} 

This reminds us that bronze-age sword-makers could vary the properties of their weapons 
but little, and only by changing the proportions of the metallic alloy constituents. They had 
none of the wide range of manoeuvre given to the smith by the effects of varying amounts of 
carbon in iron. The passage also strikes a keynote in revealing the pursuit of a blade which 
should be as hard as possible, flexible yet not brittle. Master Lii’s scholars, lacking linguistic 
precision, could not perhaps have pointed out to the sophist that he was confusing hardness 
with brittleness and elasticity with malleability, but like the swordsmith they knew what they 
meant by good and bad arguments. Indeed the whole purpose of the chapter was to extol 
empiricism against preconceptions based on narrow knowledge. Only the making and manipu- 
lation of welded steel would in due time solve the problem. 


* On the typology, chronology and archaeology of Chinese bronze-age weapons, the book of Loehr(z) is 
to be consulted. 

+ Ch.150 (vol.2, p.158), tr. R. Wilhelm(3), p.434; eng. auct. 

t Types of good and bad emperors. 
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It is very likely that for some centuries there was an overlap between the two periods when 
iron was replacing bronze. The Freer Gallery possesses specimens such as a long-hafted 
pick-axe (“‘dagger-axe”’), believed to date from about the —7th century, which has a core of 
iron (possibly meteoric), covered with bronze, part of which has broken away exposing the 
inside.* Similar objects have been described by Chang Hung-Chao.+ In the collection of the 
eminent archaeologist Lo Chen-Yii there was an ancient knife of bronze, the handle of which 
was partially filled with iron. There were also arrow-heads with bronze points and iron stems 
or cores, Of these Chang found more in the collection of Li Chieh at Han-tan in Hopei, where 
they were often turned up after rain by the farmers, and locally known as arrow-heads of 
Wu Ling Wang.{ What may be an echo of this period is contained in a passage in the Kuo Yiil| 
(Discourses of the States), which purports to record a conversation between Kuan Tzu§ and 
Duke Huan of Chhif}: 

“The.lovely metal is used for casting of swords and pikes; it is used in company of dogs and horses 
(for profitless hunting). The ugly metal is used for casting of hoes which flatten (weeds) and axes 
which fell (trees); it is used upon the fruitful earth.” ** 

Chinese historianstt often adduce this as suggestive evidence that for a time the use of bronze 
persisted for weapons after iron{{ had become widely applied for making agricultural tools. 
The lovely metal has always been interpreted by commentators as bronze; the ugly metal, 
which they say means coarse, as iron. There are indeed good grounds for thinking that as long 
as wrought or cast iron, the one so malleable and the other so brittle, were alone to be had, 
bronze necessarily retained some of its pre-eminence as a metal for weapons. The transition 
was not so much from bronze to iron as from bronze to steel. Of course in Europe also there 
was a quite long transitional period, during which, for example, hilts continued to be of bronze 
after the blades had become iron.|ll| 
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Now comes the central question. At what time did iron metallurgy arise in Chinese civilization, 
and when did weapons of iron become generally used there? First it is necessary to bear in 
mind two things, the general historical perspective,§§ and the Chinese technical terms. For 
the former we should recall that in the occidental world the true iron age did not begin until 
about —1200, although terrestrial iron had been occasionally worked by man since a date of 


Hes are me to Dr O. Maenchen-Helfen for drawing our attention to these objects (Feb. 1951). 
1), pp.426ff. 

t The king of Chao (—325/—298) who introduced horse-archery into Chinese war technique. 

|| Compiled in Chhin or Early Han, but using old materials. 

§ The passage does not occur in the Kuan Tzu book as we have it today. 

{] Born —710 and reigned from —683 to —643 or —641. 

** Kuo Yti (Chhi Yui), ch.6, p.14a, tr. auct. 

tt E.g. Kuo Mo-Jo (6). 

tt And even, as we shall see, cast iron. Kuo Mo-Jo has long sought to explore the relations between 
these changes of metal technology and the changes in the social order. He thinks that from the —7th 
century onwards the gradual introduction of deeper ploughing with iron ploughshares was one of the 
most important factors which led to the decline of slave-owning society and the transition to feudalism, 
a turning-point being the land reforms of Shang Yang in —350. } 
\ll| Coghlan(1), p.6 17. So also in China, where iron blades sometimes had bronze guards (Janse(x), pl.x1z). 
§§ For general reviews see Forbes(3), and (7), pp.592ff.; France-Lanord(3), and especially Coghlan(2). 
{[] Hitherto there has been no adequate treatment of this subject, either in Chinese or a Western language. 
Early efforts such as that of Beck(r), vol.1, pp.291ff., 303ff., are now only of historical interest. The best 


study is that of Chang Hung-Chao(z), pp.417ff. (2), abstr. in Dickmann(r). An outstandi 
iron smelting in China is that of Haudricourt(9). ” ao ih ere 
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the order of —2700. The celebrated letter of HattuSili8 III, the Hittite king, to a contemporary 
monarch, in which he apologizes for not being able to send more iron for dagger-blades 
from Kizzuwatna,* dates certainly from between —1275 and —1250, and is thus of Shang 
time.t 

As for the technical terms for smelting in Chinese, we find chu! and yeh.2 Chu combines the 
metal radical (no.167) with “longevity” (shou®) as the phonetic (see Fig.z). Shou itself (K/1ogo 
h,t) consists of a graph of ploughed fields (the phonetic, chhou*; K/10go d,e), and a shortened 
form of Jao,> old (K/1055), a picture of an old man with a stick. These elements can still be 
traced in the bronze inscription forms of chu (K/1090 b’,c’,d’), where what seems the roof of the 
furnace is in fact the remains of the legs of the old man leaning on his stick, and what seems 
the ore inside it is nothing but the ploughed-field symbol which accompanied him in the 
character for longevity. However, by a transference of meaning, these strokes may have come 
to signify ore, some kinds of which were actually obtained (as we shall seef) by ploughing 
(a kind of primitive open-cast mining). Indeed, in one form they are accompanied by the metal 
radical. And the pictogram of chu certainly includes new elements, notably a pair of hands 
above, a kind of hopper or opening at the top of the furnace, and a vessel (the finished casting 
or else the mould) below it.|| The other word, yeh (K/976p’), derives from an ancient personal 
pronoun as phonetic, probably without semantic significance, and the “‘ice”’ radical (no.15) 
to indicate the subject of discourse. This is a curious adumbration of our modern sophisticated 
way of talking of a metal’s freezing-point. It is particularly important to note that both these 
words have the primary meaning of smelting ore in such a way as to produce liquid molten 
metal.§ They correspond, therefore, to fundo rather than to the more common Latin word 
excoquo,4| and the Chinese language hardly seems to contain a word for the obtaining of a metal 
in a pasty non-molten state.** Chu and yeh are to be sharply distinguished from tuan® which 
means to forge by hammering, and indeed reveals in its pictographic form (K/172) what seems 
to be a hand holding a hammer beside two bars of iron on an anvil. A third word synonymous 
with chu and yeh is shuo.” The full significance of these remarks will appear in due course. 

We can now take a survey of the earliest mentions of iron in Chinese records. The phonetic 
of thieh® seems to have started as a grey colour, for the Shih Ching (Book of Odes) containstf a 
poem ascribed to Duke Hsiang of Chhin (reigned —776/—764) which speaks of a team of four 
dark grey horses as ssu thieh.1° The explanation in the earliest commentary that this meant 
iron-coloured may be the first reference to iron.{{ Soon Thieh occurs as a place-name; no 
doubt because of ore deposits. A battle which occurred in —493 near one such place is 
recorded in the Tso Chuan.|\|| But the chief contribution of the Tso Chuan is the account of the 
casting of iron cauldrons (chu ting!) in —512. The people of Chin were forced by the minister 
Chao Yang to contribute more than a quarter of a ton§§ of iron for this purpose; the penal laws 


* Cilician Taurus or some other part of Anatolia. 

+ Gurney(1), p.83; Contenau(1), p.112; Wainwright(1); Blinkenberg(r1). 

} In our Science and Civilization in China, vol.7. 

|| As the word chu was also the name of an ancient principality in the northern part of the State of Chhi, 
one cannot help wondering whether it derived from one of the earliest iron foundries perhaps located 
there. 

§ As Read(3) had to remind the archaeologists, smelting is far from being the same thing as melting. 

{| Cf. Forbes(3), p.408. 

** Actually, the rare term hsieh® is almost certainly thus to be interpreted, though lexicographers have 
not understood its meaning. 

tt Legge(8), 1, xi, 2; No.127, Karlgren(14), p.80. 

tt So Kuo Mo-Jo(6). 

\|l| Duke Ai, 2nd year; Couvreur(1), vol.3, p.605. 

§§ If ku}? is taken as a measure. But it could mean “‘blown-with-bellows” iron, cast iron. 
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of Fan Hsiian-Tzu being inscribed or cast on the ting.* Some doubt attaches to the text, 
however, since a late compilation such as the Khung Tzu Chia Yii (Table Talk of Confucius, 
+3rd century), perhaps using a different tradition, has in a parallel passage bells (chung’) 
instead of iron (Waley, 22). But one may well prefer to rely upon the Tso Chuan.t 

The beginning of the —sth century is also the time to which were ascribed the activities 
of the famous makers of first iron weapons. A passage of much interest from several points of 
view occurs in the Wu Yiieh Chhun Chhiu (Spring and Autumn Annals of the States of Wu 
and Yiieh), a history of the regions later known as Chekiang, Chiangsu, Chiangsi and Fukien; 
written by Chao Yeh in the +2nd century. This certainly embodied many firm local traditions. 
In this book we read:{ 


“Ho Lu (king of Wu, reigned —514/—496) invited Kan Chiang to cast (chu) (metal) and make two 
swords which should be famous. Now Kan Chiang was a man of Wu. He had had the same teacher 
as Ou Yeh, and both were good swordsmiths. Formerly the Yiieh country had presented three 
swords, and Ho Lu treasured them very much; this was why he asked his smith to make two more. 
One was to be named after Kan Chiang himself; the other after his wife Mo Yeh. To make these 
swords, Kan Chiang collected refined iron (thieh ching) from the five mountains, the best metal in 
the world (chin ying).1° (But although) he chose the right time and place, with the Yin and the Yang 
in bright harmony, and the hundred spirits assembled to watch, while the chhi of the heavens 
descended; yet the essence of the iron would not melt and flow (pu hstao lun liu).1® Kan Chiang did 
not know the reason. 

“(Then came) Mo Yeh and said: ‘By your skill as a swordsmith you have become known to the 
king. Yet you have been about making these swords three months without any success; why is 
this?’ Kan Chiang said, ‘Alas, I do not know the principle (/i)!” of it’. To which she replied ‘The 
changes of these mysterious things depend on the person concerned. Perhaps you could succeed in 
this task if you had the right person’. Kan Chiang said ‘I remember once when my teacher could 
not bring the iron to fusion (pu hsiao)!®, he and his wife threw themselves into the furnace, and 
afterwards the work was completed. (Therefore) nowadays when on the mountain-side men smelt, 
they wear sashes of hempen cloth and clothes of retted fibre; only then do they dare to liquefy the 
metal. Now I am trying to get metal for the swords, and yet it will not undergo its change (pu pien 
hua)'* — could it be because of this?’ She replied ‘Your teacher knew when to give his body to the 
flames in order to accomplish the work; I would not hesitate to do the same’. So cutting off her hair 
and paring her nails, she threw them into the furnace. Then the three hundred young men and 
women (metal-workers) were ordered to ply the bellows and pile on more charcoal, and so (in due 
course) the iron knives were quenched (ju)?° and the swords successfully made.” 


There is much more in this than meets the eye. Human sacrifice to the furnaces in order to 
make metal flow is a legendary motif common to all civilizations; the West knows it for bell- 
founding.|| But there is no need to regard Kan Chiang and Ou Yeh as wholly legendary, for 
there were certainly swordsmiths at the time when they were supposed to have lived. Nor is 


* Duke Chao, 29th year; Couvreur(1), vol.3, p.456. 

+ Even so, however, the dates given by some sinologists for the first working of iron, seem a little too 
early, e.g. the —7th century (H. Wilhelm(r), pp.49, 61). There have been attempts, such as that of Yii 
Ching-I(z), to place it as far back as the Shang, but the evidence offered is quite unconvincing. 

} Ch.4, tr. auct. 

|| This is certainly not the Place to enlarge on the legendary corpus relating to this subject in China 
(cf, Granet(1), p.500; Lanciotti(r)). But I cannot forbear from remarking that there is a good deal about 
it in the Lieh Hsien Chuan (Lives of Famous Hsien), a work collected in the + 3rd or +4th century, 
though some of its items probably belong to the Han. Thus Ning Féng Tzu, the master-potter of Huang 
Ti, entered his kiln and was wafted away in the smoke (ch.2). Kaltenmark(z), p.45, observes a propos of 
this that a similar story was current among the potters of Ching-Té-Chen (recounted by Chu Yen in his 
18th-century Thao Shuo, ch.r, p.18b). This worker was deified as the Blast-and-Fire Immortal (Féng 
Huo Hsien). Then, returning to iron, we find an interesting passage in the Kuangtung Hsin Yi (New 
Talks about Kuangtung) of ca.-+ 1690, written by Chhii Ta-Chiin (ch.15, p.ga). “Iron”, he says, “among 
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there anything remarkable in their ritual garments, a practice which the Japanese swordsmiths 
have continued down to our own time (Fig.3).* More important than these matters is the 
strong evidence which the text gives for iron-casting on a considerable scale in the Warring 
States period (ca. —4th century), if not certainly for the alleged time of the story (early —5th).T 
And most interesting of all is the statement that Mo Yeh threw something into the furnace 
(or the crucibles) to make the metal melt more easily; to this we shall return. 

The Yiieh Ling (Monthly Ordinances of the Chou Dynasty), one of the ancient calendars, 
speaks of ‘‘metal and iron’, as if the latter were something strange and different from the 
ordinary metals (gold, silver, copper and tin).{ If astronomical reasons may be relied upon, 
this text would not be later than the —5th century and might well be rather earlier. Its mention 
of iron as a metal apart would thus be natural. 

Authentic texts of the —4th century which mention iron there certainly are. Probably the 
Yii Kung (Tribute of Yii) chapter of the Shu Ching ought to be placed in this category; it says 
that Liangchow (approximately modern Szechuan, Shensi and Kansu) produces both iron and 
steel (yu thieh yu lou)**.§ The abundance of iron ore in Shu and Pa (Szechuan) is noted again 
later in the Shih Chi.4| Then about —310 comes the passage in Mencius** where that philo- 
sopher says that surely Hsii Hsing the diggert+ cooks his food in pans of metal and pottery 
and ploughs with an iron share (thieh kéng?*). [| Exchange of commodities is not harmful to the 
potter and founder (yeh). Just about the same time (if we accept the view||| that the Kuan Tzu 
book was written by the Chi-Hsia academicians,§§ ca.—318/—z2g0) there is the famous 
passage on the iron tax which says that every woman needs a needle and a knife, every farmer 
a hoe and a ploughshare, and every cartwright his axe, saw, awl and chisel. And from about 
the same time will date the cast iron agricultural tools (Fig.4) excavated from tombs at Hui- 
hsien in Honan and now exhibited at the Palace Museum in Peking.*** Still more recently, iron 


the Five Metals belongs to Water and is known as the Black Metal. It is formed by the essence of Thai- 
Yin. Its spirit is feminine. According to tradition there was a girl called Lin, who threw herself into the 
(blast-)furnace when her husband was in debt to the government on account of iron, in order that he 
could produce more (and pay it off). So nowadays, whenever men set (blast-)furnaces in operation, they 
offer sacrifice to her under the name of the Lady of the Torrent of Iron (Yung Thieh Fu-Jen).” 

* Cf. Inami Hakusui(1), p.78. We have noticed a passage containing ritual instructions to swordsmiths 
concerning fasting, vestments, etc. in the Tung Hsiang Ssu Ming Ching (Manual of Divination of the 
East Country), a text probably pre-Thang, perhaps +6th century, preserved in TPYL, ch.665, p.2b. 
t+ Some ancient commentators, it is true, speak of Kan Chiang’s swords as of bronze, e.g. Thao Hung- 
Ching and Kuo Pho (cf. Chang Hung-Chao(1), p.421). But the Yiieh Chiieh Shu, a text of about +50, 
and therefore older than they, affirms in a parallel passage that they were iron (ch.11). 

} In Li Chi, ch.6, p.56b; tr. Legge(7), vol.1, p.265. 

|| Ch.6, Legge(1), p.71; Karlgren(12), p.15. 

§ This last word is unusual in this sense; normally it means to carve or to engrave, but the commentators 
have always said that in this text it means the steel with which such engraving was possible. Some think 
however, that it refers to cast-iron pans (Than Po-Fu et al., p.230). 

| Ch.129, p.7b, Swann(z), p.438. 

** Méng Tzu, II1(1), iv, 4,5. 

tt See our vol.2, pp.120ff. 

}I The fact that Hsti Hsing came from Chhu in the south is yet another pointer to the origins of the iron 
industry there. Wu and Yiieh were also southern states, cf. our vol.1, Fig.12. 

lll Than Po-Fu et al., p.3. 

§§ Cf. our vol.1, p.g5. 

I Ch.72, cf. Than Po-Fu et al., p.114. Parallel passage in ch.81; tr. p.182. 

*** Brief descriptions by Wang Yii-Chhiian(3,4); David(1). Full publication in the Huihsien Report 
(Anon,4). Metallographic investigation by Sun Thing-Lieh(z). Modern finds such as these invalidate the 
view of Dono(1) followed by Forbes(3), p.440, that the transition from bronze to iron occurred only in 
the Chhin and early Han. 
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moulds used for making castings have been discovered at Hsinglung in Jehol, and these are 
also shown* (Figs.5, 6, 7, 8). A, 

The next reference to steel brings us back to weapons. About —250 Hsiin Chhing the 
philosopher, arguing} that military techniques are useless if morale is low said: 
“The people of Chhu (State) use shark-skin and rhinoceros hide for armour, as hard as metal or 
stone, and spear (-heads) of steel from Wan] sharp as a bee’s sting (Wan chii thieh shé, tshen jo féng 
chhai).®> They are quick and active, as fast as the whirlwind. Yet the army (of Chhu) was almost des- 
troyed at Chhui-sha, and Thang Mieh was killed.”’|| , 
All commentators, from Hsii Kuang in the +4th century to Jen Kuang in the+12th§ have 
supposed that here chii thieh, “great iron”, means hard iron (kang thieh**), or in other words 
steel (kang**).{[ But not only spear-heads,** swords also of iron or steel were becoming 
common in the —3rd century. Actual examples preserved in museums have been described by 
several archaeologists,} + and from these it seems clear that one of the first effects of the change 
of metal was the lengthening of the blade. As Bodde(15) has pointed out, only two of the 


* These have now been fully published and illustrated by Chéng Chen-To(z) and Chéng Shao-Tsung(r). 
A brief preliminary description of these had been published by Chéng Chen-To(1), who stated that they 
were used for casting iron implements. Being doubtful about this, we checked the point by enquiries 
through the kind intermediation of Mr Rewi Alley and Mr Chhen Lin-Jui in Peking, to which Dr Hsia 
Nai answered that the Chinese archaeologists now inclined rather to the view that the cast-iron moulds 
were used for bronze casting. Nevertheless Mr H. H. Coghlan has informed us that cast-iron moulds 
would have been quite serviceable for the casting of iron. They are, of course, in wide use today for this 
purpose, having the advantage of producing a chill casting with increased hardness and resistance to 
wear. To avoid any risk of adherence of the casting to the mould, a dressing of plumbago or lamp-black 
is usually applied, but this is probably not essential; the most important thing is that the volume ratio of 
mould to cast metal should be sufficient to avoid undue heating and damage of the mould. The use of 
cast-iron moulds for iron-casting must be regarded as an astonishingly high development of technology 
in the —4th century. By a remarkable coincidence (if such it is), the casting of iron cannon in iron 
moulds was invented, at the other end of Chinese history, by a Chinese some thirty years before its 
adoption in the West. Chhen Chhi-Thien(1), p.43, has told how Kung Chen-Lin, a pioneer among 
modern Chinese engineers, accomplished this about 1845; his Thieh Mu Thu Shuo appearing in the 
following year. The same process was announced in 1873 by three inventors, Lavrov at St Petersburg, 
Uchatius at Vienna, and Rosset at Turin, simultaneously. Of course, metal (cast-iron) moulds (‘‘co- 
quilles”) had been used for casting iron cannon-balls from +-1514 onwards in Europe; see Johannsen(3), 
p.1463, (4). The inventor seems to have been Francois Gibert of Dijon. The rapid cooling of the surface 
layers gave the skin a white (ferric carbide) quality, thus hardening it and increasing the efficiency of 
fragmentation (see Evrard and Descy, p.254). For a contemporary Japanese parallel to Kung Chen-Lin’s 
book, much less original, but still using diagrams of traditional style, one may look at the Tathod Chuzoho 
of Sakamoto Shunjé (ca.1842). 

+ Hsiin Tzu, generally printed in ch.15, pp.16a ff.; tr. Dubs(8), p.216, transferred by him to ch.19 for 
textual reasons. The passage appears also in Shih Chi, ch.23, p.6b. 

t Near, or at, modern Nanyang in Honan. 

|| This battle took place in —3o1. 

§ Shu Hsii Chih Nan (+1126), ch.20, p.12a. 

{| There is also a reference to steel in the Lieh Tzu book, ch.5, p.27a. The Hsi-jung barbarians are stated 
to have presented to the legendary King Mu of the Chou dynasty a “Khun-Wu” sword made of refined 
steel, which would cut jade like clay. They also presented asbestos. Actual inspection of these two 
natural wonders convinced a certain prince who had previously been sceptical of their existence. Other 
texts indicate that an event of this kind did actually take place about +230, hence it seems likely that 
the Lieh Tzu passage may have been one of the later additions to that book, and should not be taken to 
refer to Warring States times. The legend of the jade-cutting sword may have originated from the dis- 
coidal rotating knife of the jade-workers, and while this invention may certainly have been made in the 
Han, its origin in Chou times may be thought less likely. The text of the Lieh Tzu passage is given in 
Wieger(7), pp.148ff., but the translation is abridged and inadequate. 

** Tron spear-heads are also mentioned in Han Fei Tzu, ch.47, p.4b. 

tt Janse(r), pls.xu, x1v, xv; Laufer(15), p.216, and pl.xx1; Maenchen-Helfen(3); Harada and Komai (1). 
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bronze swords described are more than 80 cm in length, while the iron ones are commonly 
over 95 cm and some attain as much as 120. With this in mind Bodde interpreted the famous 
scene* where Ching Kho attempted the assassination of the King of Chhin (later the first 
emperor, Chhin Shih Huang Ti) in —227, as meaning that the king’s sword was a long one of 
iron or steel. The king, 


“alarmed, drew himself back and leaped up, so that his sleeve tore off. He pulled at his sword, but 
the sword was long and clung to its scabbard. By this time he was completely terrified. The sword 
(hung) vertically, and therefore he could not immediately draw it.” + 

Eventually he was saved by his attendants, including the physician Hsia Wu-Chii, who 
managed to pull themselves together and overpower the Harmodius of China. China’s Aristo- 
geiton also used an iron weapon, in a later attempt (also unsuccessful) to assassinate the same 
tyrant.[ In —218 Chang Liang lay in wait for him with an iron mace (thieh chhui®’) weighing 
no less than 160 Ib. Among other pieces of evidence for a developed steel industry in Chhin 
times Fan Wén-Lan|| adduces the carving of an inscription on the meteorite of —211, which 
would have necessitated a steel implement,§ and the fact that the shaving of the hair or beard, 
which had formerly been a punishment (hun hsing®*) was now in general use for children and 
adults. 

Here we cannot describe in full the iron and steel industry of the Chhin and Han.{ The last 
half of the —3rd century was remarkable (as is well known) for the existence of a whole group 
of primitive “capitalists” or industrialists, who succeeded in amassing great wealth by the 
pursuit of production almost on a factory scale. Among these men and women were several 
who rose to a position of real importance in the national life by their control of the iron 
industry. At this point we can do no more than mention them — Kuo Tsung of Han-tan in 
Chao State,** and another man of Chao, Cho Shih, who was deported to Szechuan and founded 
an ironworks employing nearly a thousand young men;ft Khung Shih of Wei (significantly 
originating from Wantt), and Ping Shih of Lu.|||| These iron-masters are not prominently 
associated with weapon-making in the texts, but that must have been an important aspect of 
their activities.§§ In about —130 metallurgical deserters from the retinue of a Chinese embassy 
were spreading the technique of iron-casting to the people of Ferghana and Parthia. Writing 
a few years later, the authors of the Huai Nan Tzu book make several references *** to casting 
iron (shuo’ thieh,® hsiao thieh®®) for weapons. For the years —g1 and —27 we have circum- 
stantial accounts of cupola explosions or furnace break-outs.t++ In +84 Wang Chhung, in a 
* See Fig.o. 

t Shih Chi, ch.86, p.18a, tr. Bodde(15). The original suggestion that the sword was an iron one was made 
to Prof. Derk Bodde by Dr C. W. Bishop. 

} Shth Chi, ch.55, p.1b; Chhien Han Shu, ch.4o, p.1b. 

ll (1), p.170. 

§ Shih Chi, ch.6, pp.26b, 27a, tr. Chavannes(r), vol.2, p.182. 

{| The texts will be given in our vol.7. 

** Shih Chi, ch.129, p.6b; Chhien Han Shu, ch.g1, p.sb; ¢f. Swann(r1), p.430, who places him as early as 
ca. —450. 

it Shh Chi, ch.129, p.17a; Chhien Han Shu, ch.g1, p.8b; cf. Wilbur(1), p.259; Swann(1), p.452. 

tt Shih Chi, ch.129, p.18a; Chhien Han Shu, ch.g1, p.ga; Swann(1), pp.272, 454. 

\ll| Shth Chi, ch.129, p.18a; Chhien Han Shu, ch.g1, p.gb; Swann(1), p.454. 

§§ The account of these men given by Than Po-Fu et al., p.233, is untrustworthy. It has eight misleading 
mistakes in ten lines. 

(9 Shth Chi, ch.123, p.15b (tr. Hirth, 2); Chhien Han Shu, ch.g6a, p.18b. The translation of this text was 
given in our vol.1, p.234. Forbes(3), p.442, doubted the existence of it, calling it a “contention” of 
St Julien, and it intrigued Read(4), p.548, who unfortunately could never trace it to its source. 

*** Chs.8, p.10a; 13, p.2a; 15, p.1a. The translations of Morgan(1), pp.95, 144, 183, are all misleading here 

ttt Chhien Han Shu, ch.1o, p. a, and ch.27A, pp.14b, 15a; tr. Dubs(z), vol.2, p.385. 
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discourse on the natural origin of thunder, describes the effects of throwing a bucket of water 
into a furnace of molten iron.* From the end of the Han comes the oldest known complex 
iron-casting, a funerary cooking-stove (Fig.10).t And from the beginning of the same dynasty 
onwards for many centuries, statuettes and objects in cast iron have come down to us (Figs.11, 
12). ; 

One cannot forbear from giving verbatim one or two of the texts just mentioned. The cupola 


or blast-furnace explosion of —g1 is thus recorded: 


“In the 2nd year of the Chéng-Ho reign-period, in the spring, when, at the Iron Bureauf in Cho 
Commandery, || they were casting (chu) iron, the iron melt (thieh hsiao)?® all flew up and out. In this 
(case, the element) Fire brought about the unhappy result, and caused (the iron) to act thus.” 


And that of —27: 

“In the first month of the 2nd year of the Ho-Phing reign-period, at the Iron Bureau} in Phei 
Commandery,§ when iron was being cast, it would not (leave the furnace and) come down (into the 
moulds). There was a rumbling noise like thunder and also the sound of drums, and the thirteen 
workmen were frightened and fled. When the noise stopped they returned and looked at the earth. 
The earth had opened up several feet, the furnace had split into eleven (pieces), and from inside it 
all the molten iron (hstao thieh) had scattered like shooting stars, bursting up and out (of the 
furnace). (It was) a phenomenon like that which happened in the 2nd vear of the Chéng-Ho reign- 
period,” 4 


Then in the following century, Wang Chhung wrote: 


“Thunder is (only) the explosion (chi)®° of the chhi*! of the solar Yang principle. How can we test 
this? Throw a bucket of water into a smelting-furnace (¢ tou shui kuan yeh chu chih huo).32 The chhi 
will be stirred and will explode like thunder; those who are near may well be burned... When 
founders melt iron (tang yeh kung chth hsiao thieh)*3 they make moulds of earth (i thu wei hsing)*4** 
and when they are dry the metal (is allowed to) run down into them (sao tsé thieh hsia).3* If they are 
not, it will skip up, overflow and spurt about (pu tsé yo i erh shé).35 If it hits a man’s body it burns his 
skin. Now the fiery chhi of the Yang is hotter than molten iron, and the exploding Yin is damper 
than earth or clay...” 


One could hardly ask for a more vivid picture of iron-casting in Han times. A Han relief which 
seems to show the work going on (Fig.13) has been published by Wang Yii-Chhiian(4). 
Remains of Han blast-furnaces have been studied by several Chinese archaeologists, and 
one of the most interesting reports is that of Chao Chhiian-Chia(r) on the extensive iron- 
works discovered by Ho Kuei-Chieh near Lu-shan, a city in Honan some seventy miles south 
of Loyang. The site was active until quite late times, for there are literary references to it in 


* Lun Heng, ch.23. The translation of this text was given in our vol.3, p.48r. 

+ Laufer(10), p.80 and pl.11. 

} As is well known, the production of salt and iron (and also, at times, fermented beverages) was ‘‘nation- 
alized”’, i.e. carried on under direct government control for much of the Han period (see the translation 
by Gale(1) of the Yen Thieh Lun, the record of the debate of —81 on this subject). The system started 
in —119, and the geographical chapters of the Chhien Han Shu mention no less than forty-six places 
where there were Iron-Casting Bureaux (Thieh Kuan). 

|| Near Peking to the south-west. 

§ In north-western Chiangsu. 

{| Another furnace break-through seems to lie behind one of the stories in the Lieh Hsien Chuan already 
mentioned (+ 3rd or +4th century with Han material). A metal-worker, Thao An-Kung, was very 
skilled at managing his furnace, but one day flames flew up and out in all directions and the sky was lit 
with a purple light. He then received celestial revelations (see Kaltenmark(2), p.170). 

** Sand moulds (sha mu)** were widely used in Chinese iron-works. Chang Shih-Nan describes them in 
use for making iron coins about +1230 (Yu Huan Chi Wén, ch.2, Pp.7a). 
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+13th-century sources.* The identification of the foundations of the five furnaces as Han was 
assured by the presence of Han tiles with geometrical patterns, and Han pottery, as well as the 
scoriae and slag. The furnaces, which had mouths of some 4:5 ft diameter, were built of large 
refractory bricks of different shapes, from 1-5 to 3 ft across. Tuyéres of refractory clay with 
very thick walls were found, originally white but burnt to a purple-black colour and yellow 
inside, 45 ft long and measuring from 11 in. diameter at the nozzle to 2 ft diameter at the far 
end. Flat bars of cast iron some 2:5 in. by 2 ft, z.e. regular pigs, were found buried beside the 
furnaces. There was no evidence of any fuel but charcoal, nor of animal- or water-power 
applied to bellows; these were probably worked by government slaves. Heaps of iron-sand 
were seen. Lu-shan derived its ore from two localities, one yielding red haematite (ferric 
oxide) and the other magnetite sand (ferrosoferric oxide); they seem to have been mixed in 
use.t Lumps of unreduced or partly reduced ore and iron were still present at the bottom of 
some of the furnaces. It would have been of the greatest interest to have analyses of the cast 
iron found at Lu-shan. It was certainly one of those places where, as Tshao Phi said in his 
“Ode to the Smelters” of ca. +375, “they fuse the ore to make vessels, and a thousand furnaces 
stand side by side...” 


Cast IRON, WROUGHT IRON AND STEEL 


From the above paragraphs we are driven to the conclusion that in China iron could be melted 
and cast almost as soon as iron was known.|| This is in the sharpest contrast with the course of 
events in other parts of the Old World where some two and a half millennia elapsed between 
the first iron-working and the first casting of iron.§ What we have now to enquire is how the 
making of weapons was affected by this. But in order to answer the question it is first necessary 
to recall to the reader a few of the fundamental facts about iron and the other elements which 
may be present (whether chemically combined or not) in specimens of it. 

Iron is a metal the properties of which depend not only upon the small quantities of metallic 
or non-metallic substances alloyed with it, but also upon its history, z.e. the succession of 
treatments to which it has been subjected. Let us proceed from the known to the unknown. 
Everyone is familiar with the great blast furnaces of modern times, {[ in which, under reducing 
conditions, iron ore is converted to liquid iron, cast iron, at a temperature which must not fall 
below 1130°C. This metal, when cooled into pigs, is hard but very brittle, and neither malleable 
nor weldable; it is suited for vessels or any objects not likely to suffer shock or impact. Its 
carbon content will be from 1-5 to 4:5 per cent, and the carbon may be either free as graphite 
or combined as ferric carbide (Fe;C). It is this compound, known metallographically as 
cementite, which confers upon cast iron its hardness and brittleness. The refining of the cast 


* About +1220 the Chin official Li Fu-Héng memorialized the throne in favour of supporting and 
strengthening the Lu-shan iron-works (Chin Shih, ch.100, p.17b). . 

+ This point is interesting in that some of the Roman furnaces in England which seem occasionally to 
have produced cast iron used mixed ores (Bromehead(8), p.363), e.g. haematite and clay-band ironstone 
(ferrous carbonate). 

}t TPYL, ch.833, p.4b; CSHK (Chin sect.), ch.107, p.8a; the lost Yung Yeh Fu. 

|| This was also the considered opinion of Read(3). The implication is that in China cast iron preceded 
steel, or at least accompanied its development, while everywhere else in the world steel long preceded 
cast iron. The long priority of the Chinese in the technology of cast iron is acknowledged by many 
modern writers, e.g. Somigli(1); Gloag and Bridgwater(1); Dickmann(1,2,3); Chang Hung-Chao(2) 
and Forbes(3), pp. 409, 440 ff.; Sarton(1), vol.3, pp. 220, 1174 ff., failed to appreciate it. 

§ The accepted date for the regular production of cast iron in Europe is the late +1ath century. See 
immediately below. 

4] The basic description in Percy(z), pp.349ff. may be supplemented by Gregory. 
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iron must be done under oxidizing conditions; in modern times in the West it was melted with 
scrap on the bed of a reverberatory (puddling) furnace* so that the carbon, silicon, sulphur 
and phosphorus are oxidized and pure iron prepared. Since the melting-point of this pure iron 
(wrought iron) is 1535°C the mass finally becomes pasty (it is soft as 1000°) and is then forged 
into slabs, balls or blooms. In ancient and mediaeval times repeated hammering and heating 
in an air-blast was required. Wrought iron has qualities entirely different from cast, for it is 
tough, fibrous and malleable, useful for wire, nails, anchors, horseshoes, agricultural imple- 
ments, shafts, axles and even bridges. Its carbon content will usually not be more than 0-06 
per cent, 7.e. some eighty times less than that of cast iron. It will not harden if quenched. In 
mediaeval and later times cast iron was always known in China as “raw iron” (séng thieh)>” and 
wrought iron as “ripe iron” (shu thieh)?°.+ 

The most important fact about steel is that its carbon content is intermediate between that 
of cast iron and wrought iron, namely from o-1 to o-g per cent though it may rise to as much as 
1-8 per cent. Broadly speaking the higher the carbon the harder the steel.} For all cutting edges 
it has been the great desideratum of iron-workers since Kan Chiang and Wayland Smith. But 
at this point arose the possibility of obtaining an almost infinite range of associated properties 
(hardness, ductility, appearance) by varying not only the carbon content but also the times and 
successions of heating and cooling. Hardening by plunging a red-hot or white-hot piece of 
steel into a cold liquid (quenching) was a very early discovery;|| we know now that this process 
preserves in the cold the metallographic structure which the steel had when hot.§ Annealing 
(slow cooling) makes the metal more ductile, tempering (repeated raising to moderate heat 
followed by slow cooling) allows of the attainment of any desired combination of hardness and 
ductility. In the Western part of the Old World, it is found that some of the most ancient iron 
implements had been partially carburized to steel, later ones had been carburized and 
quenched, while tools and weapons of the Roman period had been tempered as well. §] 

The passage from one to another of these great forms of iron has been effected in a number 
of different ways. The withdrawal of carbon from cast iron in the puddling process we have 
already mentioned. The problem of introducing more carbon into wrought iron was anciently 
solved by the process known as cementation, in which soft bars were packed with charcoal and 
heated for some considerable time at about 1100°C; under these conditions the carbon enters 
the metal, producing what is known as blister steel.** This is analogous to case-hardening, and 
was certainly the oldest steel-making process in the West.++ In modern times, of course, it was 
more logical to melt the iron (when that became possible) in crucibles, adding a known amount 


* First introduced by the Cranage brothers in +1766 and perfected by Cort in +1784. See Percy(2), 
pp.620ff., Mantoux(1), p.299. 

+ An earlier word was jou,*® the structure of the character implying “‘soft’’. 

} Gregory(1), p.93. 

|| Although no detailed description is necessary here, the reader should be aware that there are many 
different metallographic forms of iron and carbon, and that the structure and properties of steel depend 
upon them (see, e.g. Gregory(1), pp.goff., 106ff.). For instance, austenite is a solid solution of carbon 
in y-ferrite (one of the allotropic forms of iron), while martensite is a solid solution of ferric carbide in 
a-ferrite. This is extremely hard and brittle, capable of scratching glass like a diamond. When layers of 
cementite and ferrite alternate, the structure is termed pearlite. 

§ A striking parallel from another science, and from a very different temperature range is seen when 
physiologists and biochemists plunge a living muscle into liquid air or solid carbon dioxide in order to 
arrest as instantaneously as possible the chemical changes which were in process. 

§] Coghlan(1), p.617. 

** When the iron was in the form of thin laminae, subsequently forge-welded together, the Process was 
called faggoting. This goes back to the prehistoric iron age. 

tt Cf. Forbes(3), p.411; Percy(z2), pp.768ff. 
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of carbon.* Equally simple, once the carbon-content of irons had become known, and 
furnaces sufficiently strong were available, was to melt together cast and wrought iron in 
suitable proportions, and this is the open-hearth or Siemens-Martin process, still widely used.+ 
The direct transition from cast iron to steel will always be associated with the name of 
Bessemer, who introduced the converter vessel in which a blast of air is blown through the 
white-hot metal to oxidize the carbon before a known amount of carbon is added. 

What was the situation, then, prior to the mastery of cast iron in the +14th century in 
Europe? Throughout antiquity and the middle ages down to that time, the extraction of iron 
was carried on in small furnaces filled with alternate layers of ore and charcoal. In the original 
iron-age domed furnaces of Siegerland, and the shaft types of the Jura, the temperature 
probably never rose much above 850°C. In the later, mediaeval, types, it was certainly some- 
what higher. These are known as Catalan furnaces (from their use in Spain)|| or Stiickofen in 
Austria (because after each run the mass, or stiick, had to be removed from the furnace when 
cool enough)§ or Osmund furnaces in Scandinavia.{] Nothing in fact had melted except the 
slag, which, especially if a flux had been added, could be tapped off, and the iron was obtained 
in the form of a pasty bloom needing long hammering on the anvil to free it from the pieces of 
slag still left in it. This explains the value of the water-powered trip-hammer for Europe, the 
“‘martinet”, used probably from the +12th century onwards,** though much older in China 
(Fig.14).¢f The “wrought” iron from the ancient and mediaeval bloomeries was doubtless 
variable in its carbon content, but this was probably in general very low,}f and steel could be 
obtained from it by cementation. The primitive smith added or removed carbon, as well as 
other elements, knowing nothing of the chemistry of what he was doing, but he knew what he 
wanted to obtain, and had rough tests as well as skilled and experienced eye. Then in the 
+14th century the first true blast furnaces (Hochofen or Fliissofen) were built,|||| and true 


* This was first introduced in Western Europe by Huntsman about +1750 (see Hulme(3); Mantoux(1), 
p.303). Cf. Evrard and Descy(1) on Grignon’s work (+1775). 
+ Due to Martin (1864); in the previous year Siemens had treated pig iron and haematite ore together. 
t In 1856, but preliminary steps had been taken by Kelly in 1852. 
|| See Forbes(3), pp.388ff.; Gowland(2), pp.277ff.; Neuburger(1), pp.22ff.; Haudricourt(9), and best of all, 
Percy(2), pp.278ff. It was characteristic of these furnaces that their blast was derived from the trombe, a 
blowing mechanism analogous to the common filter pump, in which the water stream descended into a 
closed space with an upper outlet for the trapped air to escape (cf. Percy(2), p.285; Ewbank(1), p.476). 
This is said to have been known to Heron and Pliny. 
§ See Forbes(3), p.391; Johannsen(z), pp.36ff.; Percy(z), pp.319, 326; Haudricourt(g). These had a 
better blast after the +12th century because they made use of bellows worked by water-power (cf. 
pp. 18ff. below). 
| Percy(2), pp.320ff.; Beck(1), p.810. For Gaul cf. de Tryon-Montalembert(1). 

* Cf. the discussion in our vol.4, pt.1. 
tt Although there is an abundance of textual evidence for the use of these hydraulic trip-hammers for 
cereal grain-milling, one hears much less of them in connexion with ironworks. As the hydraulic bellows 
was so early in China (see p.18) the water-powered martinet may have been such an obvious adjunct 
that it was not thought worthy of notice. On the other hand the absence of large blooms in Chinese iron 
technology perhaps made it less necessary. The smaller billets of the direct decarburization process 
(see p.31 below) required hand-forging. 
tt Cf. Read(4), p.545; Leroi-Gourhan(3); and Desch in the discussion of Hulme(1). 
\||| It is possible that iron was occasionally liquefied in Carolingian times in Europe. Johannsen(s5) has 
drawn attention to an allusion in a Lucca MS of the late + 8th or early +9th century (the Compositiones 
ad Tingenda Musiva, edited by Hedfors) which indicates this, and there is something similar in the 
+1oth-century Mappae Clavicula. Cf. Sarton(1), vol.1, pp.533ff. But the achievement would have been 
altogether exceptional. 

The question of the production of cast iron in Roman times has been controversial (cf. Bromehead(8) ; 
Forbes(7) and (3), pp.407ff.; and especially Coghlan(z), pp.74ff.). Though pieces of cast iron have been 
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liquid cast iron began to pour from their hearths.* This development came about in close 
relation with the casting of iron cannon, significantly also a manifestation of profound 
Chinese influence. The size of the early blast furnaces was limited by the mechanical properties 
of the fuel, charcoal being first replaced unsuccessfully by coal, and then by coke. 

There is as yet no precision about the date of the first true blast-furnaces in Europe. The 
earliest MS evidence for iron-casting seems to be a document of about +1380, reproduced by 
Johannsen,|| but the locality is doubtful— perhaps the Rhineland, perhaps the region of 
Liége.§ The first illustrations, which Evrard(1) has done good service in collecting together, 
come from much later. So far the oldest known is in a picture (Fig.15) by Joachim Patenier 
(+1480/ +1524), not likely to be much earlier than +1510. As far as can be judged by the size 
of the figures, it was not more than 2o ft in height, with steps to the mouth and a thatched 
workshop on one side.{/ Another picture (Fig.16), painted by Lucas van Valkenborch (ca. 
+-1530/ +1597) about +1580, shows a similar furnace, of rather smaller dimensions,** with 
the water-wheel which worked the bellows alongside it. The elastic pole fitted to these can be 
seen on the right.t+ Still smaller, not more than about 7 ft high, is a blast-furnace seen in 


found occasionally at Roman bloomery sites, they are to be regarded as accidental products of over- 
heated smelting furnaces. In all probability cast iron was made unintentionally under certain conditions, 
and then discarded because it did not fit into the technological pattern of the time. Most of the allegedly 
Roman cast iron statuettes are now rejected as fakes. 

Allusion will be made below (p.27) in another connexion to the possible working of molten iron by 
the ancient Greeks. Here we are dependent solely on textual evidence and unfortunately the relevant 
passages are obscure and puzzling. Although they seem to contain references to iron in the liquid state, 
the classical and generally accepted view of Bliimner(1), vol.4, pp.211ff. was that the Greek iron furnaces 
were essentially bloomeries. This opinion is contested by certain writers, e.g. recently Livadefs(1), who 
believes that the Greeks of the —4th century could make crucible steel. We do not find this convincing. 
Another group of texts seem to refer to the making of cast iron statues, but this interpretation is rejected 
after full consideration by Forbes(3), p.408. 

Even more doubtful are the claims which have been made for the working of cast iron in the middle of 
the —1st millennium. The most interesting of these is that of Absolon(r) who describes a hollow iron 
ring of cast iron (a tube bent round so as to form an annulus) from a Hallstatt smithy site in a cave at 
By¢i Skala (near Brno in Czechoslovakia). If this is what it purports to be, it must be dated as of the 
late —6th or early —sth century, but the technical mastery required seems extraordinarily improbable at 
that time, the find is unique, and analyses have not been published. In these circumstances Childe(15) 
advises against its acceptance. 

* See especially Johannsen(z), pp.62ff.; Gille(1,9). 

+ See especially Johannsen(6). Johannsen(13) suggests a derivation of the cupola furnace from the 

bronze bell-casting furnace. 

} This development was due perhaps to Dudley in +1619, and in practice to Darby in +1717. Of course 

after the introduction of the pre-heated blast by Neilson in + 1828, it was possible at long last to use raw 

coal, as Dixon did in 1831; see Clow and Clow(r), pp.356ff. and Ashton(1). On Chinese coking processes 

see Simmersbach(1); Lux(1); Dickmann(1). 

|| According to Johannsen(3) what happened was that in the last decades of the + 14th century blooms 

were melted with charcoal in “cupola” furnaces, as for example by Gast, while the direct casting of iron 

from ore did not come in till the third or fourth decade of the +15th century. Temperature was the 

main factor, but the indirect method was easier. 

§ (2), p.75. It concerns the iron-master Merckeln Gast, who worked at Frankfurt-am-Main. Cf. Johann- 

sen(4); Rathgen(2). 

{ It is interesting that this height is about the same as that of the blast-furnace described in the Kuang- 

tung Hsin Yii of +1690. See p.16 below. Some blast-furnaces of traditional type studied in Szechuan in 

1912 by Cremer(r), p.§3, were some 15ft high; others (p.51) about 26 ft. 

she Unless the base of the furnace is sunk in the ground. The picture is in the Kunsthistorisches Museum, 
ienna. 

tt In the Nung Shu’s description of water-driven metallurgical bellows in + 1313 there is a reference to 

aia of strong bamboo which opposes the action of the water-power and helps the cycle (our vol.4, 

pt.1). 
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CAST IRON, WROUGHT IRON AND STEEL 
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Process** Ruan kang** m.p.1400°C 
thuan kang*? C o1—0'9 per cent 
(wei kang)**® and even up to 


1°8 per cent 


Catalan, etc. “co-fusion” 
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bloomery7 J in molten cast iron) 
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not much then Biringuccio (+1540) 


above 850°C) and others later until the 
Siemens- Martin open-hearth 


process gave it its modern form§§ 


WROUGHT IRON 


m.p.1535°C, but can be forged or welded at 1000° 
C 0-6 per cent 


cementation and faggoting 
(heating with charcoal; case- 
hardening; blister steel)*** 


shu thieh’*® 
jou®® 


bloom (hsieh)® 


* Percy(2), pp.778ff. Cf. the process of de Réaumur (1722) for making “malleable cast iron” ; Gregory(r), 
p.20. 

Percy(2), pp.791ff. 

} Gregory(1), p.28; Percy(2), pp.81off. 

|| Percy(2), p.816. On this sec further below, p.39. 

§ Evrard(1); Johannsen(2); Gille(1). 

§] Read(4). 

** Percy(2), pp.773ff.; Forbes(3), p.410. 

tt Reduced to about 950° by 1-4 per cent P. 

tt Percy(2), pp.621ff. 

Ill Perey(2), pp.s7off. 

§§ Percy(z), pp.807ff., 790; Gregory(r), pp.36ff. 

(| Percy(2), pp.278ff.; Forbes(3), pp.388ff. 

*** Percy(2), pp.1ozff., 768ff.; Forbes(3), pp.411ff.; Gregory(1), p.26, pp.158ff. 
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another picture (Fig.17) by the same painter.* The character and dimensions of these 
furnaces may be borne in mind when considering the Chinese ones of similar and earlier 
date.t 

It may be convenient here to summarize the foregoing facts in the form of a diagram. This 
may help our consideration of the Chinese processes. The meaning of the Chinese terms 
inserted will be explained in the following pages. 


CHINESE CRUCIBLE PROCESSES 


All these preliminaries having been completed we are in a position to understand the iron 
metallurgy of China and its application to weapons of war as well as tools of crafts and agri- 
culture. In Asia events had taken a quite different course. In India, apparently from a very 
early time, steel had been produced either from bloom iron or directly from black magnetite 
ore by packing it in refractory clay crucibles together with a mass of chips of particular woods 
and leaves of special plants. This empirical method delivered exactly the right amount of 
carbon to the iron, and the so-called ‘“‘wootz” steel which it produced enjoyed for many 
centuries a world-wide renown. { 

But crucible processes were also prominent in the Chinese siderurgical industry. In some 
provinces, such as Shansi, the iron ore was reduced in batteries of elongated tube-like crucibles 
(khan)®° packed in a mass of coal.|| The early use of coal in China for smelting is extremely 
important and goes back to the +4th century at least.§ The crucible method produced true 
cast iron, or sometimes a mixture of cast iron lumps and masses of bloom iron which were 
separated mechanically by hand after cooling.{ It is known to us mainly through the detailed 
accounts of modern observers** (cf. Figs.18, 19a, b, 20, 21, 22, 23), for references to it in 
Chinese texts are relatively infrequent, probably because it was confined to certain provinces. 
Read’s investigation in Shansi revealed the very interesting fact that a small amount of ‘“‘black 
earth” (het thu)®!++ was habitually added to the ore by the smelters to promote full fusion of the 
metal and its perfect running in thin moulds. This turned out to contain abundant crystals of 
vivianite (iron phosphate); it was associated with the coal used, which also contained phos- 
phate. Since amounts of phosphorus up to 6 per cent in the iron reduce its melting-point from 


* Gille(g), p.15, regards this as a Catalan oven (Stiickofen) which gave a bloom and not cast iron, but 
vrard(1), p.51, did not so interpret it. The picture is in the Gemildegalerie at Dessau. 

+ The more comparison becomes possible between the types of Europe and China, the more similar 

they seem. 

} One of the best descriptions of the process is in Ure(1), vol.3, p.767; of. also Forbes(3), p.410; Percy(2), 

pp.773ff.; and Coghlan(2), pp.156ff. We shall say nothing here on the much-disputed question whether 

the “‘Seric Iron” of Pliny (cf. our vol.1, p.183) was Indian wootz steel or Chinese cast iron. 

|| The photographs in Read(4) have been reproduced by Forbes(3), p.440, and others. 

§ We give no references on this subject here save Read(12), as we shall treat of the subject in detail 

together with other aspects of iron and steel metallurgy in our vol.7. As is well known, the lack of fuel was 

a cardinal limiting factor in the development of the iron and steel industry in Europe; cf., e.g. Mantoux 

(1), p.287. It is of much interest that in the +17th century, when great efforts were being made in 

England to find a way of using “‘pit coal” in iron-smelting, Dudley assisted Buck and Dagney about 

+1651 in their endeavours to work out a crucible process apparently like the Chinese ones. But their 

refractories were not good enough and the trials did not succeed (Mantoux(1), p.293). 

§] Read(z), (4), p.550 (13); Hulme(2). This was also done in the Japanese tatara semi-blast-furnace ; 

cf. Muramatsu(1); Gowland(s5), p.306. 

** Read(1,4,13); Kocher(r) reproduced in Johannsen(z), p.64; Licent(r), vol.1, p.92; vol.2, p.624 repro- 

duced in Haudricourt(9); Langer(1) for Kuldja; Shockley(1); Foster(3). 

+t Analytical figures in Dickmann(r). 
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1130° to about g50°, Read suggested that this could have been the secret — not of course a 
conscious one — of some of the early successes of iron-casting.* Here then might be the reality 
behind the symbol of the black hair which Mo Yeh threw into Kan Chiang’s furnace. 


CHINESE BLAST FURNACES 


It is rather hard to believe that in other places, and presumably at earlier dates, there were 
never any bloomeries similar to those of the West. But evidence for them is so far wholly 
lacking. The small blast-furnace was China’s most characteristic iron producer. Its most 
classical illustration is that given by Sung Ying-Hsing in his Thien Kung Khai Wu (The 
Exploitation of the Works of Nature) of +1637 (Fig.24), entitled “the blast-furnace and the 
fining platform” (lien thieh lu)**.+ The furnace, on the right, is not more than ro ft high, and 
provided with the blast from a large double-acting piston bellows. The liquid cast iron is 
shown flowing forth after being tapped, and making its way to the fining} hearth or puddling 
basin, a hot platform (fang thang)** on the left.|| Here decarburization takes place with stirring 
and the addition of silica,§ until the metal ‘‘comes to nature” and adheres in pasty masses of 
wrought iron almost free from carbon.§] 

Though this is the most celebrated picture it is neither the oldest nor the most beautiful. 
In +1334 Chhen Chhun was Salt Commissioner at Hsia-sha-chhang on the eastern coast. A 
scholar interested in all kinds of technical processes, he collected old pictures of many of them, 
and eventually wrote forty-seven poetic descriptions to go with as many drawings made 
especially by the brothers Chhii Shou-Jen and Chhii Shou-I. The book was named Ao Pho 
Thu Yung (The Boiling of the Sea), that is to say, for salt.** It can be seen that the illustration 


* Subsequent analyses of specimens of Chinese cast iron by Pinel, Read and Wright seemed not to bear 
out this suggestion, but the estimations were not numerous and the oldest specimen examined was from 
a statuette dated +502. Analyses of Han cast iron would be much more interesting, for by the beginning 
of the +6th century the true blast-furnace was almost certainly at work, and added phosphorus 
therefore less necessary. 

+ Ch.14, pp.1gb, 20a. 

} On the significance of the terms “‘fining”’ and “‘refining”’ see Percy(z2), p.579. 

|| At first we found some difficulty in understanding the note which says to tzu kang,*‘1.e. “lumps of 
steel dropping out’’. But this is explained in a gloss (presumably by the author himself) on ch.14, p.gb. 
It says: “In the south of the Kuang provinces (Kuangtung and Kuangsi) cast iron is called ‘the (yielder 
of the) dropping lumps from which steel is made’; this is very clever.’’ Now this explanation occurs in the 
midst of the account of the co-fusion process of steel-making (see p.29 below). We must suppose there- 
fore that in those regions the blast-furnaces produced a certain amount of medium-carbon iron which 
quickly solidified into pasty lumps and was removed by workers probably with long rakes. Then using 
this metal to supplement the cast iron in the co-fusion process, it was found that less of the pure wrought 
iron, expensive in time and labour, was necessary to obtain the intermediate-carbon steel. We are 
indebted to Dr Lu Gwei-Djen for help in attaining full comprehension of this point. 

§ The legend says ‘‘sa chhao ni hui’’,®* i.e. scattering dried and powdered mud from seashore or estuary. 
Silica is essential in all puddling as it combines with the iron oxide to form a fusible oxide slag which 
permits the adherence of the wrought iron into masses (Percy(2), p.659). 

§ This open platform was later superseded in some provinces by a hearth like a modified blast-furnace 
which allowed manipulations similar to those in the Styrian and Carinthian processes (see p.33 below). 
Fig.28 shows the Yunnanese type described by Rocher(1), vol.2, pp.203ff. The top of the furnace being 
closed by a water-cooled pan, the gases of the oxidizing blast escape only by the lower opening, and the 
iron is worked until pasty and ready for forging. Nothing is known of the history of this technique. But it 
is described for Szechuan also by Cremer(1), p.51, and for Shansi by Kocher(r1). 

** Classically there was a close alliance between the salt and iron industries in China, not only because of 
the ancient taxation of them as the only commodities which required large-scale transport, but also 
because of the necessity of using large thin-walled cast-iron boiling-pans for the evaporation of the salt. 
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of the blast-furnace (Fig.25) may have been the iconographic model for Sung Ying-Hsing’s, 
for the furnace and bellows are on the right and the fining platform on the left.* 

Leaving for a later place the other parts of the account of iron-working given by Sung 
Ying-Hsing, we may read here that part of it which describes the blast-furnace. 


“Tron” (he wrote) “may be of two kinds, raw iron (séng thieh, i.e. cast iron), and ripe iron (shu thieh, 
i.e. wrought iron). The former is that which comes out of the (blast-) furnace but is not yet roasted 
(chhao),°® while the latter is that which has been roasted. A mixture of the raw and the ripe iron 
heated together becomes steel (séng shu hsiang ho lien chhéng tsé kang).®"} 

“The (blast-) furnace is made of salt mixed with clay and built into walls; often it is placed beside a 
mountain cave. Some use a framework of great logs as an encircling support for the clay and salt 
walls.|| A month is not too much for the building of it (and it must be allowed to dry as thoroughly 
as possible); this is something which cannot be hastened. For if any fissures develop during the 
operations all the labour will be wasted.§ 

“‘A furnace can take more than two thousand catties of ore. (As for the fuel) sometimes hard wood 
is used, sometimes coal, and sometimes charcoal — whatever is convenient in the locality, south or 
north. The piston-bellows (shan lu féng hsiang)** of the (blast-) furnace need four or six men work- 
ing in unison. When the ore has been converted into molten iron, it is allowed to flow out from a 
hole at the side of the furnace which has previously been closed with clay. Every day at the sixth 
and first (double-) hours the furnace is tapped, and after the iron has flowed out the hole is closed 
again. Then the blast is urged (ku) once more for a further melting (jung).5® The pig iron thus 
prepared for (later) casting (yeh chu) (into vessels and objects) flows out into a mould and takes the 
shape of a long round strip, after which it is removed for use. 


“As to the wrought (ripe) iron, the cast iron is made to flow into a square basin (fang thang, i.e. 
fining hearth) with low walls placed a few feet away from the tapping hole and at a level several 
inches lower. When the cast iron has collected in the basin some of the workmen scatter over it 
dirty estuarine mud which has been dried, pounded and sifted until it is as fine as flour; meanwhile 
others, standing on the walls, keep stirring the metal and the dust energetically together, with poles 
of willow wood. After a time the roasting converts the iron to wrought (ripe) iron. The willow poles 
get burnt away several inches, but they use them again as long as they can. When the roasted iron 
has cooled it is either cut into square pieces on the fining hearth, or else it is taken out and hammered 
into round cakes to be sold.” § 


With this very clear description we may compare one written about fifty years later. In his 
Kuangtung Hsin Yii (New Talks about Kuangtung) of ca.+1690, Chhii Ta-Chiin said:** 


“Furnaces for smelting iron ore have something magical about them, therefore the iron-masters 
must pay worship (to the presiding spirit), and only so do they dare to set them to work. In shape 
the (blast-)furnace is like a jar (phing)® with the top open and more than 1o ft across, while the 
bottom is 35 ft long, and the height about half of this (ca.17 ft). The thickness (of the wall at the 
top) is rather more than 2 ft. It is made of lime, sand, salt and vinegar (with clay), bound around 


* With these old pictures we may compare a photograph taken about sixty years ago by Lux(z) of a small 

eee in Chiangsi province (Fig.26), and an elevation of a Yunnanese blast-furnace by Rocher(1), 
ig.27). 

t Thien Kung Khai Wu, ch.14, pp.8b, 9a; tr. auct. adjuv. Ledebur(r). Cf. Julien and Champion, pp.52ff. ; 

Li Chhiao-Phing(1), p.46. 

} This is an important statement, the meaning of which will become clear a few pages further on. 

|| This is strongly reminiscent of the Scandinavian Osmund type of bloomery furnace; see Percy(2), 

p.320; Forbes(3), p.389. 

§ Cf. the Han accounts of explosions, p.8 above. 

4 Cf. the description by Licent(r), vol.2, p.638, reproduced in Haudricourt(9), of the traditional process 

of fining cast to wrought iron, as he saw it in south-eastern Shansi. F; ig.28 shows the finery hearth used 

in Yunnan about eighty years ago (Rocher,1). 

** Ch.15, pp.8a,b, 10a; tr. auct. 


16 


CHINESE BLAST FURNACES 


with thick vine cables, and supported by* (baulks of) ‘iron-strength wood’ (thieh li mu)®+ and 
‘purple-thorn wood’ (tzu ching mu).®t Moreover it is (often) built leaning against the cliff side for 
greater stability. Behind the furnace there is a mouth, and outside this there is an earthen wall, in 
which are contrived two door-shaped (i.e. hinged) bellows (shan),® 5 or 6 ft high and 4 ft wide. 
Each is worked by four men, one closing while the other is opening, so as to drive a great blast (into 
the furnace). The two tuyéres inserted (into the furnace) are made of ‘water stone’ (shui shih).®4 
This ‘water stone’|| comes from Ta Chiang Shan (mountain) in Tung-an. As its substance is not 
hard, it does not receive the fire; as it does not receive the fire, it can last for a long time and not be 
destroyed — thus it is called ‘water stone’. 


“They start using the furnaces in the autumn and the season ends in the spring, for when the 
weather is cold the iron has more of the element Water. Since Metal is the origin of Water,§ and 
water is more abundant in the winter, therefore the wateriness of iron (the liquid metal) is (best) 
produced in the cold (part of the year). When the iron ore is put in the (blast-)furnace quantities of 
hard charcoal are mixed with it. Both are conveyed by machines (chi chhé)®5 (perhaps wheelbarrows 
or pulley hoists) and thrown flying into the furnace from above. Then the blazing flames light up 
the heavens, and the smoky vapour of black dross spreads over several tens of /i. 


“Presently the ore liquefies, melts and flows out into square moulds (chhih)®* where it solidifies to 
form a plate of iron, which can be taken away. Then along wooden pole is used to stir the furnace** 
and again the liquid iron pours forth forming another plate. At each one of the twelve (double-) 
hours of the day and night, a plate is made weighing 10 chiin.t+ If two plates are made at one 
time, they call it a ‘double hook’ (shuang kou).®7 In that case the furnace may get too hot and be in 
danger of harm; then the blood of a white dog should be poured in so that accident may be 
avoided... 


“As (Chan) Kan-Chhiian has said:{f ‘When one sees the melting of the metal in the great (blast-) 
furnace, one understands the beginning and end of Heaven and Earth. The fusion inside the 
furnace is like the state of the formless embryo, and the solidification is like the attainment of form. 
The beginning is under the sign of Water, the completion is under the sign of Earth. People think 
of the melting as if it was a submission (to death) but actually it is the beginning of birth and 
strength. For nothing can be more stiff (than metal). People think of its solidification as an attain- 
ment of strength, but actually it is just a completion and an ending (of a particular phase). For 
nothing can be more meek (than metal, when in the furnace). Thus beginnings and endings succeed 
one another, meekness and stiffness resonate with each other. But the metal itself never really 
changes at all. This is indeed a symbol of the Tao.’ ” 


It is unnecessary to add much by way of commentary to these expositions. Chinese 
blast-furnaces of traditional type have been studied in modern times by observers from the 


* Again the similarity with the walling of the Osmund bloomery presents itself. Cremer(1), p.51, gives 
an eye-witness description of this construction for Szechuan in 1912. 

t The identification of this hard timber of the southern regions is difficult; we have met with it already 
in vol.5 in connexion with shipbuilding. Even Wu Chhi-Chiin could not find much to say about it 
(cf. Chih Wu Ming Shih Thu Khao, chhang sect. p.1113). Burkill(1), pp.491, 995, 1243, 1380, 1458, lists 
several tropical ‘‘iron-woods”’, but not, I think, the one in question. 

t This is Cercis sinensis, R/380; Stuart(1), p.101; Li Shun-Chhing(1), p.628. Its wood is very hard. 

\| This is some kind of rhyolitic lava or pumice-stone; RP/73. 

§ Our account of the Five-Element theory (vol.2, pp.243ff.) will be remembered. 

{| Perhaps this was a rationalization of the social circumstance that in the winter the workers were not 
needed for agricultural pursuits. Béhne(1) noted the same thing in his study of the iron industry of 
northern Persia. 

** Surely the author’s attention wandered at this point. He was probably referring to a pole with a hook 
at the end of it for plugging and unplugging the tap hole. And indeed the hook appears immediately 
afterwards. 

tt Just under 400 lb in our measure. 

tt I.e. Chan Jo-Shui, d.ca.+ 1560, one of the idealist philosophers. 
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West.* Fig.27 shows details of the kind used eighty years ago in Yunnan province (Rocher,1). 
The dating of their development, and that of the related crucible processes, we must leave for 
our Vol.7, but from what has already been said it is clear that the regular industrial production 
of cast iron must have existed in China from about the —4th century. 

Among all the inventions and discoveries which contributed to this extraordinary develop- 
ment none can have been more important than the construction of bellows which would give a 
powerful and continuous blast. In two places elsewhere we have sketched the history of 
these Chinese blowing engines.t Perhaps the key invention was the double-acting piston 
bellows (féng hsiang),°* shown in all the metallurgical illustrations of the Thien Kung Khat Wu. 
One reason for regarding it as probably ancient in China is the ethnographic fact that south- 
east Asia is the home of the piston fire-lighter (Fig.29).[ The Tao Té Ching may give us a 
—4th century reference, but even if the bellows described in the Mo Tzu book for use with 
toxic smoke projectors were of the leather-diaphragm pot variety (ko pai),®® they had already 
attained mechanization by means of a rocking lever, || like the double cylinder force pump of the 
Alexandrian Greeks for liquids, and they certainly produced a continuous blast. Unfortunately 
we do not know who it was who first saw that the two pistons rising and falling alternately 
could be combined into one if a suitable arrangement of valves was provided so that it would 
suck as well as push. The double-acting piston bellows (Fig.30a,b) was certainly in wide use 
by the Sung (+11th century onwards), but there is much reason to think that it was also used 
a thousand years earlier. Perhaps one may detect a reference to it in the Huai Nan Tzu, 
written about —120. Complaining about the decline of primitive simplicity and the growth of 
all kinds of unnecessary industries,§ the writer says{] that metallurgy has even brought about 
deforestation. ‘‘Bellows are violently worked to send the blast through the tuyéres in order to 
melt the bronze and the iron (ku tho chhui tuo t hsiao thung thieh)’°”.** The great commentator 
Kao Yu, who lived about +200, at the end of the Later Han, explains that ku, to “drum”, 
meant to push and pull (phai)”!; this suggests that the piston bellows was familiar in his time, if 
not in that of Liu An. 

This term for push-and-pull formed part, moreover, of the name of the metallurgical 
bellows to which water-power was applied, shui phai. In our researches we came across the 
remarkable fact that the oldest known water-mills in China were not mills for cereal grinding 
but wheels used to operate blowing engines in iron-works. Already in +31 a circumstantial 
account describes the invention of this machine by, or under the aegis of, Tu Shih, the prefect 
of Nanyang. This is followed by another for the mid +3rd century, and in the +5th and later, 
references are frequent. The construction of the machinery was elaborately described by Wang 
Chen in his Nung Shu of +1313, from which time dates our first illustration (Fig.31). At that 


* For example, Rocher(r), vol.1, p.145; vol.2, pp.196ff., 212ff. in Yunnan; Licent(1), vol.3, p.1079, in 
Kansu, reproduced in Haudricourt(9); Lux(1) whose photograph (Fig.26) is also in Johannsen(z), 
p.63, in Chiangsi; Hommel(1), p.28, in Chekiang; Cremer(1) in Szechuan, pp.34, 51, 53; cupola furnaces 
for foundries have been photographed and discussed by Hommel(1), p.29; Ledebur(z); Foster(4); 
Read(13); Rocher(r), vol.2, pp.207ff. Daily production of the coke-using furnaces studied by Lux 
averaged 1400 lb cast iron each day. 

+ Our vol.4, pt. 1. 

} The double-acting single-cylinder piston-bellows is characteristically Chinese, but double-cylinder 
piston bellows are found all over south-east Asia, as in Indo-China, Borneo, etc.; ¢f. Colani(z). 

|| This was certainly derived, as the terms for it show, from the swape or counterweighted bailing bucket. 
§ On this theme see our vol.2, pp.106ff. 

4] Ch.8, p.1oa. 

** Tt is hardly believable that Morgan(1), p.g5, translating a passage clear in itself and well illuminated by 
the commentator, went so far as to suppose that the furnaces themselves were of iron or brass (sic), and 
that even they were melted by the extravagant fires made in them. 
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period it involved a large flywheel on the same shaft as the horizontal water-wheel, working by 
means of a belt a smaller pulley with an eccentric lug, to convert the rotary to oscillating 
rectilinear motion. Apparatus answering almost exactly to this description was seen at work 
eighty years ago in Yunnan by Rocher.* Whether the Han blowing-engines worked in the 
same way we do not know; it is perhaps more probable that they adopted the simpler principle 
of trip-lugs on the main driving shaft. In any case it is clear that the Chinese hydraulic blowers 
in the time of Vitruvius and Heron were far in advance of anything which the western world 
could show, nor were they equalled there for thirteen centuries subsequently. 

Let us summarize, therefore, the factors which evidently facilitated the early development 
of cast iron in China. We may list: 


(1) The presence in certain regions of iron ores high in phosphorus, or minerals containing it which 
could be added to the charge. 


(2) The availability (and discovery) of good refractory clays, whether for blast-furnace or crucible 
processes. 

(3) The use of coal, at least from the +-4th century onwards, perhaps long before, which permitted 
attainment of high temperatures in the large piles surrounding crucibles. At the same time these 
would exclude sulphur. 

(4) The invention of the double-acting piston-bellows (perhaps in the —4th century, more probably 
by the +3rd), enabling a strong continuous blast to be employed. 


(5) The application of water-power to metallurgical bellows as early as the +-1st century, greatly 
strengthening the blast and saving labour. 


CHINA AS AN IRON CULTURE AND THE PROBLEM OF ITS WESTWARD TRANSMISSION 


In modern times the world has seen China as a culture of bamboo and wood, contrasting with 
dominant Europe and America mighty in their wealth of iron and steel. We now reach the 
strange paradox that if a historical view is taken wider than that of the past three centuries, the 
situation is precisely inverted. Between the +5th and the +17th centuries it was the Chinese, 
not the Europeans, who could make as much as they wanted of cast iron, and who were 
accustomed to make steel by advanced methods (as we shall see) quite unknown to the western 
world until a much later date. Of course the total tonnage remained extremely small through- 
out the middle ages in comparison with what the epoch of heavy industry was to bring forth in 
due time,f yet the arresting thought remains that nowhere in the mediaeval world except 
China was it possible to find relatively abundant supplies of cast iron and steel. If these were 
much less abundant than they might have been, the fault was almost wholly that of the 


* (1), vol.2, p.199. 

+ It is noteworthy that we have so far found no illustrations of the hydraulic blowing-engines which 
show them operating piston-bellows in the strict sense. Instead the piston-rod is attached to large door- 
like fans (shan),7!* which would resemble the typical bellows of Europe if there was any sign of a col- 
lapsible leather covering, but there is not. Perhaps we may best regard them as hinged pistons working in 
a curved cylinder. Wang Chen gives no explanation. 

Fans of a somewhat similar kind, but worked by men as treadmills in seesaw fashion, are used in the 
traditional tatara iron smelting-furnaces of Japan; see Ledebur(2); Gowland(5) and Muramatsu(z). 
See Figs.32, 33. 

One of the best primary sources informing us concerning these is the Tetsuzan Hitsuyd Kiji (Record of 
the Essentials of Iron Technology), written by Simohara Shigenaka in + 1684. 

} Even today the steel productions per capita are of approximately the following order: U.S.A., 1500 lb; 
U.K., 800 lb; U.S.S.R., 500 lb; China, < 20 lb. Yet 700 years ago cast iron in the West was simply 
non-existent. 
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feudal-bureaucratic structure of society — broadly speaking the limiting factors were not 
technological at all. We shall not fail to return to this remarkable fact in the last volume of 
our work, 

In the meantime it is worth while to take note of a couple of examples of the comparative 
wealth of cast iron in mediaeval China.* First, Buddhist architects did not hesitate to make use 
of this metal as a constructional material in the building of pagodas (Figs.34, 35). Today the 
oldest’ extant iron pagoda, standing at Yii Chhiian Ssu (temple) at Tang-yang in Hopei, dates 
from +1061, and it is of very considerable size, being 70 ft high and having thirteen storeys. 
It is said to weigh 106,000 lb (53 tons). The walls are made of cast-iron plaques fixed to a 
skeleton framework. Another one, of which only two storeys are now left, is at Kan Lu Ssu 
(temple) near Chen-chiang in Chiangsu province. Local tradition dates it from the time of Li 
Té-Yii, the famous geographer and minister of State (-+'787/ +849) who founded the temple, 
but more probably it was set up by Phei Chhii (+-1078/-+1086). Yet another, at Chhung 
Hsiieh Ssu (temple) near Chining in Shantung has eleven storeys. 

Cast iron was also used for tiles of temple roofs (Fig.36), notably on the Thai-Shan 
(mountain). 

As a further example of the relative richness of consumption of iron in mediaeval China as 
compared with other parts of the world, suspension bridges with iron chains may be men- 
tioned (Fig.37). The region surrounding the Tibetan massif is the Old World home of the 
suspension bridge, a natural means of crossing the gorges through which pass so many of its 
great rivers. The material used for the cables in ancient times was plaited bamboo, and this is 
still frequently used; such cables can bear a stress of 13 tons per sq. in. and span up to 250 ft. 
In south-west China, however, many of these bridges, which constantly needed renewal, were 
replaced by catenary structures of wrought-iron chains or linked rods from about the end of 
the +6th century.|| We know the names of several of the engineers and iron-masters con- 
cerned, and at least in one case a special book was written about one of these bridges. As for 
Europe, the first specification for a suspension bridge came not in the +6th, but in the +16th 
century, with Faustus Verantius, but there is no reason to think that it was constructed. Later 
on, in the seventeenth and eighteenth centuries, there were several accounts and illustrations 
of the Chinese suspension bridges, and no doubt partly as the result of this knowledge the first 
iron-chain bridge in Europe was thrown across the Tees river in northern England in +1741. 
No such bridge capable of carrying vehicles, however, was built till 1809 (across the Merrimac 
river in Massachusetts). 

Constructional projects of this kind must have been a major demand on the mediaeval 
Chinese iron-masters. But as we have already mentioned (p.8) cast iron became a favourite 
medium for the artists who were making statues and statuettes under imperial or religious 
auspices from the Han onwards.§ We hope to treat the subject more fully in our Vol.7; here 
it need only be said that collections of such statues and art objects are found in a number of 


* For a fuller discussion of both these see our vol.s. 

+ Many details will be found in Boerschmann(4), pp.336ff., but we are not well informed from the 
structural point of view. 

t See Shaw(1). 

|| There is in sinological, and derivatively in engineering, literature, a persistent tradition that the 
famous Chingtung bridge over the Yin-chiang (river) in Yunnan, was built in the time of the emperor 
Ming of the Han (in +65). It is quite true that this was the local tradition, and is often found in Chinese 
texts, but there are reasons for thinking it to be a Buddhist legend. Though not at all impossible techni- 
cally, there is a long gap between this time and the Sui without other iron-chain bridges, and the +6th 
century is quite venerable enough. 

§ See e.g. Foster(1,2); Dickmann(z); Shaw(r1). 
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museums.* Many dated Buddhist statues of cast iron, from about +500 onwards (Figs.38, 39, 
41, 42), have been described and figured, e.g. by Read(g),t and some even analysed chemically 
and metallographically (Pinel et a/.).[ The largest iron-casting ever made was erected by an 
emperor of the Later Chou in +954 (Fig.40) to commemorate his campaigns against the 
Chhi-tan Tartars.|| Cast iron was also frequently used for making large bells.§ 

Among the most extraordinary of the projects in which Chinese architects and metal- 
founders combined to use cast iron were those set on foot{] by the great empress Wu Tsé 
Thien who ruled the empire alone for more than twenty years before her death in +705. 
First she commissioned her favoured associate Hsiieh Huai-I to design a cosmological temple 
for the dynasty of Chou which she intended to replace the Thang. Completed in +688, this 
building was a broad pagoda of three storeys, 294 ft in total height and based on an area of 300 
sq. ft.** The lower storeys rested on huge wooden pillars but the uppermost one was supported 
on nine enormous cast iron dragons, and the crowning canopy bore a gilded phoenix of cast 
iron 10 ft high. But this structure was far outdone metallurgically by the ‘‘Celestial Axis 
commemorating the Virtue of the Great Chou Dynasty with its Myriad Regions”’, a grandiose 
monumenttt} erected in +695 at the suggestion of the empress’ nephew Wu San-Ssu, 
another gifted amateur technologist. Upon a base consisting of a ‘hill’ of cast iron 170 ft in 
circumference and 20 ft high, an octagonal cast iron column 12 ft in diameter rose 105 ft into 
the air, bearing at the top a ‘“‘cloud canopy” ro ft high and 30 ft in circumference. Above this 
four bronze dragons each 12 ft high supported a gilded pearl,{{ while the pillar itself was also 
surrounded on its hill by bronze dragons. Again it is satisfactory that the names of two of the 
iron-masters who executed the work have been preserved.|||| The total amount of metal used 
was about 2,000,000 catties, i.e. some 1325 tons, and as this could not be assembled quickly 
enough, a tax in kind was levied on the metal agricultural implements of the farmers of the 
metropolitan region. 

Meanwhile, through all the centuries, the small iron-works scattered throughout the length 
and breadth of China continued to produce ploughshares and agricultural tools just as they 
had done since the beginning of the unified empire in the —3rd century. Great skill was 
developed in the manufacture of large cast-iron pans with extremely thin walls and therefore 
very economical of fuel. These took their place among the ordinary array of domestic utensils,§§ 
* The Royal Ontario Museum possesses a number of small cast iron statuettes of animals from the Early 
Han period; see Read(4), p.549. The Chicago Natural History Museum has many statues and other 
objects of mediaeval Chinese cast iron, ranging from the —2nd to the +16th centuries. Such pieces are 
widely scattered, as e.g. in the Horniman Museum, London, and the Royal Collections at Windsor Castle. 
+ A splendid cast iron Buddhist statue dated +558 is in the collections at Mills College, California. 
President Lynn White, who kindly showed it to me, has transmitted to me its curious inscription, which 
in his opinion renders its authenticity suspect. I am not quite sure, however, that this conclusion 
necessarily follows. 

} An extensive study of this kind is now in progress with the participation of the British Museum 
Research Laboratory and the British Cast Iron Research Association Laboratories. 

|| See Read(2,4,9); Gloag and Bridgwater(1). 

§ See e.g. Foster(2). 

4 The story has been conveniently told in English by Fitzgerald(8), pp.131ff. 

** Chiu Thang Shu, ch.183, pp.13a ff., Hsin Thang Shu, ch.76, p.8b; Thung Chien Kang Mu, ch.41, pp.ggb. 
tt Hsin Thang Shu, ch.70, p.1ob; Thung Chien Kang Mu, ch.41, p.133b. 

tt On the significance of this symbolism see our vol.3, p.252. 

||| Yao Chhou was in charge of the smelting and Mao Pho-Lo did the casting of the figures. 

§§ It is interesting that the casting was often done by Taoist monks and artisans — working in Taoist 
abbeys. I have vivid recollections of the foundry at the beautiful monastery of Miao-thai-tzu in the 
mountains of Shensi province. One is almost tempted to make a comparison with the role of the Car- 


thusians in European siderurgical history sketched by Bouchayer(r) in an article only the technological 
aspects of which seem unreliable. 
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but were important also for the chemical industries, some of which, such as the evaporation of 
salt, were always under close government control. A few illustrations may be given here. 
Fig.43, from the Thien Kung Khai Wu of +1637, shows the pouring of the metal into the 
heated moulds, and Fig.44, from the Ao Pho Thu Yung of +1334, the methods of preparation 
of the latter. “Cupola” furnaces of special type, sometimes tipping, were used for these 
castings, as for instance the form used nearly a century ago in Yunnan (Fig.45). Then there 
were the minor domestic industries such as wire-drawing and needle-making (Fig.46). Lastly 
the craft of the shipbuilders must not be forgotten, for the great wealth of shipping in Chinese 
waters necessitated considerable iron supplies.* The forging of a grapnel anchor is seen in 
Fig.47. Both these last illustrations are from the 17th-century Thien Kung Khai Wu. 

All these modes of utilization of iron were civilian. How far the liberal supplies of the metal 
contributed to the military power of Chinese civilization at different times in history is a 
question which has not so far been investigated by the economic historians. Much research 
will doubtless be required to clarify the matter, but it seems likely that at times when China 
was externally strong (for example during the Han, Thang, early northern Sung, and Ming) a 
very considerable part was played by the iron and steel industry in furnishing the arms 
necessary for large-scale military forces in the field. 

Throughout antiquity and the middle ages, so far as we know, the blast-furnace giving its 
liquid iron was known nowhere in the world outside China. More recently, however, some 
study has been devoted particularly by Béhne(1) to the traditional blast-furnaces of northern 
Persia (Mazenderan, between the Elburz range to the south and the Caspian to the north). 
Though small (under ro ft in height), they make use of paired bellows worked by horizontal 
wooden water-wheels just in the Chinese manner, and from clayband ironstone produce daily 
about 200 |b cast iron which is used for shot or (formerly) refined. If literary references could 
be found which attested the use of these iron-smelting arrangements in Persia before +1400, 
they might well be suspected not only to derive from China, but to have been instrumental in 
bringing about the first beginnings of cast-iron production in mediaeval Europe.t The central 
geographical position of Persia with regard to such a transmission invites further study of iron 
and steel technology in that country, which hitherto has concentrated too much on the working 
up of Indian wootz. 

Another intermediate zone is of course the Turkish culture-area. We know of a cannon- 
founder called George at Frankfurt-am-Main in +1486 who melted and cast iron in a “wind- 
pot” or kiln, z.e. without contact between metal and fuel.t The invention is important for it 
was ancestral to all the reverberatory furnaces (puddling, open hearth, etc.) of European 
siderurgy. Now Master George had lived a long time in Turkey, where he had been cannon- 
founder to the Sultan. 

In characteristically brilliant papers Haudricourt(5,9) has applied philological methods to 
the study of the wanderings of cast iron technology. He points out that western languages have 
no special word for cast iron (fonte, gusseisen) but that many central Asian languages do. More 
than twenty of such words adduced by him from some fourteen languages seem to be related 
to E. Turki tchouiun (céjydn), e.g. tchogun (cugun) in Russian and Bulgarian, tsougun (éojun) in 


* For an extended account of Chinese nautical technology, vol.s of our book may be consulted. Taking 
inland and sea navigation together, mediaeval China had a much greater tonnage of shipping than 
mediaeval Europe —a remarkably paradoxical fact in view of the cardinal role played by navigation in 
European economic history. 

+ On this see further, p.38 below. 

} Lersner’s Frankfurter Chronik, vol.t, p.370; source communicated by Gen. B. Rathgen to Johann- 
sen(3), pp.1458ff. 
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Karaite Turkish, tcheuwygen (céjgen) in Osmanli Turkish, tchujin (cugin) in Uzbek, etc., etc.* 
He believes that this indicates the presence of an original loan-word in the central Asian 
languages from Chinese, accompanying the spread of cast-iron products and technique 
westwards. Possibly this word might have been chu (ancient pronunciation *éjug or tsju; 
K/t1ogoa’), but the question is wide open for philological investigation. Of course, strictly 
speaking, this meant “to melt” (iron), and in Chinese itself cast iron is represented by a kind of 
binome (séng thieh) — a raw iron — rather than a single word; for hsien, though applied to cast 
iron in late times, especially in Japanese writings, was originally a technical term for parts of 
bells and bow-fittings.+ If the existence of single specific words is really to be taken as indi- 
cating a priority of date in the techniques to which they refer, then Haudricourt’s evidence 
would point rather to the central Asian Turks as the oldest of all iron-founders. This is not 
excluded by the fact that the Chinese developed the art so vigorously so long ahead of Europe, 
and we have other evidence pointing to Sinkiang as a leading locality in iron-working.{ But 
we know too little of —4th century cast iron to be able to reach any conclusion. 

What then was the effect of this early iron-casting in China on the metallurgy of steel, 
important not only for weapons of war, but for a thousand uses in the crafts and trades? 
Quenching and tempering were understood empirically of course already in the Han just as 
amongst the Greeks and Romans. But as the variety of different types of steels increased, the 
Chinese smiths were able to improve continuously through the centuries the properties of the 
shock weapons which they produced, but combining the types together in highly composite 
welded blades. This was not characteristic of Greek and Roman culture, but flourished rather 
in Celtic and Merovingian lands (+1st to the +9th centuries), though the art never there 
attained the heights which it reached in Japan, a Thang technique brought to perfection among 
the military samurai rather than the literary officials. But the most important thing about steel 
making in the Chinese culture area was the abundance of cast iron. The fact that iron of very 
high carbon content could be obtained means clearly that wrought iron, or the hammered 
bloom, was not the only starting-point for the manufacture of steel, and therefore that the 
cementation process was not the only way to it.|| This was a radical difference from the situa- 
tion in Europe before the end of the +-14th century. Cementation may have been known and 
used in ancient China, but it seems clear that from an early date much more steel was being 
made by the tricky process of direct decarburization of cast iron under a cold blast. Then, 
perhaps in the +4th century some metallurgist of genius conceived the idea of heating wrought 
iron and cast iron together, in the process which we shall call, for want of a better name, 
“co-fusion”,§ thus averaging the carbon content of the two metals rather than reducing the 
carbon content of one alone. Considering that the men of that time knew absolutely nothing 
about the chemistry of iron-working, this invention must be regarded as quite extraordinary. 
Of course the economics and quantity relations of all these processes remain for future 
* They are quite different from the words for iron as such in these languages; e.g. Turkish tdmir or 
Mongol temur. In Rumanian, though ceaun (tchaoun) means a cast-iron saucepan, the word for cast iron, 
tuciu, is a loan from Turkish tué (toutch) which meant bronze or brass, and is related to Persian tutiya 
and our mediaeval tutty (zinc oxide). 

+ The languages of south-east Asia such as Annamese, Thai and Man, took over the Chinese kang (steel) 
for cast iron, according to Haudricourt (gang, khang), apparently by another misunderstanding because 


of its hardness. 

1 Cf. p.44. 

|| We have come across no indications that the Chinese used at any time processes similar to that by 
which the wootz steel of Hyderabad was made, i.e. the bloom or ore packed with wood and leaves in 
crucibles. 

§ Further clarification of the meaning which we attach to this term will be found in the following pages. 
It has been used by others in different senses; cf. e.g. Livadefs(1), p.64. 
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historical research, but it seems likely that they broke through many limitations on the total 
iron and steel production which still held good in mediaeval Europe. It would be a strange 
thing if it should turn out that the prosperity of cities like Hangchow, which so profoundly 
impressed Marco Polo, was not wholly unconnected with a siderurgical industry of much 
greater scale than that in any other part of the world at that time — a relationship to be later so 
enormously inverted in centuries with which we are more familiar. We now propose to 
illustrate these statements by a series of texts here mostly for the first time translated.* 


STEEL-MAKING AND HARDENING 


A link with the legends is provided by the story of the first Han emperor’s sword, recorded 
here by Wang Chia about +370 but relating to events of ca. —230. 


“When (Thai Shang Huang), the father of Han Kao Tsu, was a commoner, he used to wear a 
sword three feet long on which there was an inscription difficult to read. People surmised that it 
had been made in the Yin time when Yin Kao Tsung was fighting the Devil Tribes. When (Thai 
Shang Huang) was travelling in the mountains near Féng and Phei he stayed in remote upland 
valleys, where he met with a metal smelter of Ou Yeh’s (tradition). Shang Huang stopped and 
asked him what was the vessel for which he was melting (metal). The smith laughed and said ‘I am 
melting it to make a sword for an emperor, but I must ask you not to disclose my secret’. Shang 
Huang took it as a joke, suspecting nothing. Then the smith said: ‘Now I have melted the iron, but 
getting the steel and grinding and forging are difficult. If you would give me the weapon that hangs 
at your belt I would melt it and mix it into a sword so marvellous that it will subdue the whole 
world... .’ [Shang Huang was very reluctant, telling the smith that it was a pi shou daggert of 
matchless sharpness, able to kill men and spirits without damage to its edge. But the smith persisted, 
saying] ‘Without this dagger to mix and melt, even Ou Yeh and the metal-workers of Yiieh would 
be able to produce only an inferior weapon’. So Shang Huang took it off and threw it into the 
furnace, and after a short while smoke and flame rushed towards the sky, darkening the day so that 
it seemed night. Afterwards the sword was finished, and the three kinds of animals were killed to 
sacrifice to it.” f 


The reality lying behind this ancient account is presumably the attempts of metal-workers 
to get the right carbon-content for a fine steel. Already the complete fusion of the metal is 
assumed, and we have seen evidence above that this was no imagination of the writer. Some of 
these metal-workers were named by the astronomer Yang Chhiian, who wrote his Wu Li Lun 
(Discourse on the Principles of Things) about a century before Wang Chia’s time. One of 
them, Juan Shih, who was particularly famous, was said to have got his art from a spiritual 
visitant (a Metal Spirit), who taught him the proper combination of fire and water (shui huo 
chth chhi)’, i.e. methods of quenching; the natures of alloys, and the “harmony of the hard and 
the soft” (kang juan chih ho)’*.|| This last phrase is of particular interest, whether it means the 
combination of cast iron with wrought iron under prolonged heating to produce steel or 
alternatively the combination of hard and soft steels in welded swords. 


* It will be understood that these are only a very small florilegium compared with the as yet unplucked 
riches in the forests of Chinese literature. 

+ It was with one of these spoon-headed daggers that Ching Kho tried to kill the king of Chhin. And 
another was included among the magical apparatus of the usurping emperor Wang Mang, (—36/+23). 
{ Shih I Chi (Memoirs on Neglected Matters), ch.5, p.1a; tr. auct. The parallel text in San Fu Huang 
Thu (Description of the Three Districts in the Capital), ch.30, has been translated by Dubs(2), vol.1, 


p.34- 
|| The text, preserved in TPYL, ch.345, p.8a, goes on to say that Juan Shih made 1,770 sabres in three 


years before losing his sight. His closest competitor was a man of the Su family, and less renowned, 
though highly skilled, were Yang Chi and Chao Chhing-Hsien. 
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As we have seen, the preservation of the red- or white-heat structure of the steel at room 
temperature can be effected by very rapid cooling (quenching), and the hardness and other 
properties of the steel will depend on the speed and extent of this temperature fall. An early 
Chinese reference occurs in a speech by Wang Pao, one of the Censors, about —60; he uses the 
term tshui,?4 which was more frequently written later with the water radical.* The ancients 
discovered empirically the fact that a bath of oil gave less drastic cooling.t They also paid 
particular attention to the kinds of water which they used, and while some of this may have 
been superstition due to ignorance of the real processes with which they were dealing, it seems 
not impossible that the amount of dissolved salts or suspended matter might make a slight 
difference to the rate of heat dissipation, or more probably to the structure of the skin of the 
metal. At any rate, here is a relevant text from the Phu Yuan Pieh Chuan, the biography{ of 
Phu Yuan (fl. +200/ +240), chief metal-worker to Chuko Liang the famous Captain-General 
of Shu. 


“Phu Yuan was a man of great natural genius. In flair and instinct he was like a spirit, and did not 
spend overmuch time in the work of the forge (tuan kung).®° But suddenly he undertook at Hsieh-ku 
to smelt (the iron to make) three thousand sabres for Chuko Liang.|| His method of melting the 
metal (jung chin)®! was markedly different from that generally used.§ 


“After the sabres were all finished (up to a certain point) he reported that the water of the Han river 
was pure and weak, unsuitable for quenching (tshui), while the rivers of Szechuan being swift and 
fierce, their water was called ‘the original essence of the great metal’ (ta chin chih yuan ching).®* 
Heaven (itself) had made these (geographical) differences. So (Phu Yuan) sent men to Chhéngtu to 
get water from there. Upon (testing the water) which the first man brought back, by quenching a 
sabre in it, he said that it had been mixed with water from the Fou Chiang (river) and could not be 
used. The man protested strongly, saying that it was pure, but Phu Yuan, indicating a portion of the 
water with his sabre, insisted that eight shéng (of the Fou Chiang water) had been added to it. He 
would take no denial. So (in the end) the man bowed deeply and admitted that some had been upset 
when crossing the Fou Chiang ferry, and that he, being afraid, had then added some Fou Chiang 
water. After that time everyone was astonished at the mysterious skill of Phu Yuan, and admired 
him.” 

So went the work in the arsenals of Shu.** Of course there are references to quenching with 
special waters much earlier than this. The town of Lung-chhiian (then called Lung-yuan), on 
the Fukien border of Chekiang province, was famous in Warring States times (ca. —4th 
century) for the suitability of its water.t+ Indeed it was the traditional location of the iron-works 
of Ou Yeh, 


* Chhien Han Shu, ch.64B, p.1oa. A general discussion of the technical terms for quenching treatments 
of different kinds has been given by Wang Chen-To(4), pp.188ff. Besides tshui?® and yii7*, which we 
shall encounter in a moment, there were chan?’ (dipping), chien huo?® (splashing from the fire), and 
chien?® (strengthening). 

+ Cf. Gregory(1), p.112. Oil quenching is roughly equivalent to a water quenching followed by a mild 
tempering. See p.26 below. 

t According to some traditions, this was written by Chiang Wei, the successor of Chuko Liang as 
Captain-General. 

|| Hsich-ku was a place on the northern slopes of the Chhin-ling Shan (mountains), a way-station on the 
famous Pao-Hsieh Road (see our vol.5). Chuko Liang’s army must have been facing the Wei army with 
that road as its line of communications. It was therefore natural that Phu Yuan should have tried to use 
Han river water, in the valley of the southern slopes. 

§ This is a very significant statement. Perhaps later on we shall be able to explain it. 

4] TP YL, ch.345, pp.10a,b; tr. auct. Also in CSHK (San Kuosect.), ch.62, p.5b and J Wén Lei Chii, ch.60. 
** There are many references to the making of iron swords and sabres in the other two Kingdoms, Wei 
and Wu; cf. Chang Hung-Chao(1), p.425. But they add little. 

tt Cf. Fan Wén-Lan(z), p.170. 
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Co-FUSION STEEL 


The following text* brings us to the heart of the matter, and gives a transition to the more 
fundamental processes of steel-making. Though it mentions oily material used for mild 
quenching, and introduces us to the welding of blades from steels of diverse qualities, its 
importance lies in the fact that it is one of the earliest statements we have of the “co-fusion” 
steel-making process. 


“What town Chhiwu Huai-Wén came from we do not know, but with his Taoist techniques he 
served the emperor Kao Tsu (the last ruler of the Eastern Wei Dynasty) in the Wu-Ting reign- 
period (+543/-+550). At the beginning of this time he was a military commander and fought with 
Chou Wén at Mang-shan. At this time the flags of the (Eastern Wei) army were all red, while those 
of the western army (their opponents) were all black. Huai-Wén said to the emperor: ‘Red is the 
colour of Fire, but Water can extinguish Fire, therefore we ought not to oppose black with red. 
Since Earth can conquer Water, we should change our colours to yellow’. Kao Tsu accordingly 
adopted ochre, and this was called the Flag of Ho-yang. 

“(Chhiwu Huai-Wén) also made sabres of ‘overnight iron’ (su thieh tao,** i.e. iron heated con- 
tinuously for several days and nights in succession). The method was to bake (shao)*4 the purest 
cast iron (lit. the essence of raw iron —séng thieh ching)®*+ piling it wp with the soft ingots (jou 
thing)®® (of wrought iron), until after several (days and) nights, it was all turned to steel. 

“To make the backbone of the sabre (tao chi)87 he used soft iron (jou thieh).8° For quenching (yii),7° 
the urine of the five animals was used, and for (another kind of) quenching (tshui),7° the fat of the 
five animals.t Such swords could cut through thirty layers of armour plate. The methods used 
nowadays|| for making ‘overnight iron’ (z.e. fine steel) (from) soft ingots (jou thing) (of wrought iron) 
by the metal-workers of the Hsiang region (Hopei) all derive from him (Chhiwu Huai-Wén). But 
although the sabres which they make are very sharp, they can no longer cut through thirty plates of 
armour at one time. 

“(Chhiwu) Huai-Wén used to say that the city of Nan-kan-tzu in Kuang-phing province was the 
place where Kan Chiang smelted (the iron for his famous) swords, and that the earth there was good 
for polishing them.” 


Here then, early in the +6th century, we have an account of a way of making steel by the 
combination of cast and wrought iron, a way, in fact, of obtaining a metal with a carbon 
content intermediate between the two. We cannot but see in it the ancestor of the Siemens- 
Martin or open hearth process being carried on in parvo 1300 years before the mid-nineteenth 
century.§ Of course, the invention of Siemens and the Martin brothers in 1863 was only the 
perfection of what had been done ina crude way much earlier — the method was described by 


* Pei Chhi Shu, ch.49, pp.8b ff., which it is necessary to collate with TP YL, ch.345, pp.6b ff., a better 
text. Tr. auct. 

+ This phrase puzzled us at first, for we thought it might mean “refined iron”, i.e. wrought iron. But 
since cast iron is clearly implied, may it not refer to a white cast iron, containing much combined carbon 
and little silicon, such as would be produced by slow reduction of the ore at relatively cool temperatures? 
Were it wrought iron, cementation charcoal would be mentioned. 

t Lin Shou-Chin(1), p.122, who in a paper appearing after this was written, also appreciates the im- 
portance of Chhiwu Huai-Wén’s work, rightly points out that this passage gives us the two technical 
terms anciently used for drastic and mild quenching respectively. 

|| I.e. in Li Té-Lin’s time (ca.+570/-+590) or more probably that of his son Li Pai-Yao, who finished 
the Pet Chhi Shu (ca.+616/ +636). 

§ In saying this I am well aware that the Siemens-Martin process involves a regenerative furnace to 
attain the required temperatures for complete melting, and the use of an acid slag lining. Moreover iron 
ore rather than wrought iron was added to reduce the carbon content of the cast iron charge, and the 
addition of (wrought) scrap, though important economically, was not an essential part of the original 
process. Nevertheless the fundamental idea is identical, in so far as that can be the case as between a 
method dating from the empirical ages and one developed in the full light of modern applied chemistry. 
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de Réaumur* in +1722, and had been known to Agricola (+1556) and Biringuccio (+1540). 
It had certainly not been known to occidental antiquity,|| and owing to the late development 
of iron-casting in Europe could not in fact have arisen there much before the -++15th century.§ 
Our name for it presents a difficulty. Evidence soon to be adduced will indicate strongly that 
the cast iron did actually melt, but the lumps of wrought iron which it bathed were certainly 
no more than pasty. Perhaps therefore we should speak of a “‘visco-liquid diffusion process”, 
but for convenience we shall continue to use the term “‘co-fusion”’. Biringuccio’s description is 
graphic; “the masters”, he says, “having first formed with the hammer three or four lumps of 
iron they put them hot into that bath of melted iron . . . and they keep them thus with a great 
fire about four to six hours, often turning them about with a rod, as cooks do victuals . . . by 
virtue of which the gross substances which are in the lumps are consumed and dilated, and the 
lumps become softened and like a paste...” Thus was accomplished the ‘immersion of 
malleable iron in molten cast iron”, “the boiling of iron in its own sow-metal”, and what 
Chhiwu Huai-Wén did was not dissimilar.]] 

A particularly interesting feature of the quotation from the Pei Chhi Shu is the advice about 
the symbolic colours which Chhiwu gave to his emperor. The appearance here of the Five 
Element system of thought** suggests to us that this Taoist was no purely sooty empiric but a 
man who reasoned about the phenomena of Nature according to his lights. Given cast iron, the 
idea of the co-fusion process could have arisen from attempts to combine the properties of cast 
and wrought iron, to reduce the brittleness of the one and to increase the hardness of the other, 


* (1), p.256; Percy(z), p.806. 

+ De Re Metallica, ch.9, Hoover and Hoover ed., p.426; cf. Percy(2), p.809. 

t Pirotechnia, bk.1, ch.7, p.18. Chinese parallels to these +16th century statements will be seen in 
PTKM (+1596), ch.8, p.37b, and TKKW (+1637), ch.14, p.8b; the latter discussed by Julien and 
Champion, p.57 — with notable diffidence, since they wrote (1869) just before the Siemens-Martin 
process had become well-known. Percy(z), p.808, gives Biringuccio’s passage in full. 

|| There has been much confusion about this, and the question is still not fully clarified. A very rough 
translation of Aristotle’s Meteorologica, 1v, 6 (383b) by Martin Lister in +1693 gave rise to the idea that 
the Greeks of the —4th century could melt wrought iron, or at least, as Lister put it, “boil iron in its own 
sow-metal”’. This of course implied the availability of cast iron. 

A somewhat similar interpretation is still occasionally supported, as in Livadefs’ interesting paper(1) 
where he shows that the masonry clamps of the Parthenon (—440) are a mixture of wrought iron and 
low-carbon steel. Livadefs thinks that the forged blooms and other pieces of iron from the smelting were 
heated by the Greeks in a special furnace which permitted the separation of a liquid layer of high-carbon 
steel intermediate between the pasty pure iron below and the fluid slag above. But this does not agree 
with the most careful modern translations, e.g. that of Webster in the Oxford series (ed. Ross), which 
show that although Aristotle speaks of iron liquefying and then solidifying again, he says that the ‘‘dross’’, 
not the pure iron, sinks to the bottom and is repeatedly ‘‘purged away’’. The essential factor on which the 
presence of carbon in iron must depend is the temperature attained in the furnaces, and in the absence of 
any of the circumstances and inventions enumerated on p.19 it seems very unlikely that the Greeks were 
able to obtain systematically and intentionally any high-carbon steel (and a fortiori cast iron). Like the 
Romans, they may have been able to get it occasionally, but the notion of crucible steel in the —4th 
century seems incredible in ahy part of the world. In fact just what the Greeks were able to do remains 
distinctly obscure, and my impression is that neither Aristotle nor Theophrastus really understood the 
working of iron and steel. 

Lister was reproduced by Day(1), p.134, in 1877, with the added misunderstanding (p.184), apparently 

gained by correspondence with Edkins in Peking, that Lieh Tzu had also spoken of the process. This 
was a garbled version of the entry under “‘kang”’ in the Khang-Hsi Tzu Tien dictionary, but it was copied 
uncritically by Sir Richard Burton(1), p.114. 
§ We leave for the future the question whether it came from outside Europe, and if so, whence and how. 
{| In the light of all this it is entertaining to learn from Percy(z), p.806, that the process was often patented 
in the nineteenth century, e.g. by Price and Nicholson (1855), Gentle Brown (1856), and Attwood (1862). 
** A description of which will be found in our vol.2, pp.242ff. 
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just as the sword-smith of the Lii Shih Chhun Chhiu long before* had sought to combine the 
advantages of tin and copper.t 

Further light on the possible thoughts of Chhiwu Huai-Wén comes from a very unexpected 
source, the Chhi Min Yao Shu (Important Arts for the People’s Welfare), written by Chia 
Ssu-Hsieh between +533 and +544. This constitutes perhaps the most remarkable of all 
Chinese treatises on agriculture and the rural technologies. In ch.go, on glue-making, we find 
the following words: 

“Greased, salted, or tanned, leather is no good (as a substitute for fresh skins in the preparation of 
glue). It is just the same as with iron — once cast iron has been refined to soft wrought iron, it can 
never regain the principle which made it fusible and castable, since it has lost its juicy sap.” 
Such a statement, coming as it does from an exact contemporary of Chhiwu Huai-Wén who 
lived under the same dynasty, perhaps in the same part of China, is truly noteworthy.{ For it 
clearly shows how the men of that time conceived that in the passage from brittle and hard 
cast iron to soft pure iron something was lost.|| Naturally no-one in the +-6th century could 
have been expected to identify this something with what we call carbon, but Chhiwu Huai- 
Wén may well have been trying consciously to equalize the “juicy sap” and diffuse it in inter- 
mediate amount throughout his mass of iron in order to get his steel. Perhaps he thought of 
cast iron in terms of one of those Chinese varieties of pears still common in the north-west 
which seem at first disagreeably hard but soon manifest to the eater an abundant and delicious 
juice. In any case, this interesting text should warn us once again not to underestimate, as we 
are so often inclined to do, the theoretical thinking of ancient and mediaeval artisans. 

One would like to think that in Chhiwu Huai-Wén we knew the true and actual inventor of 
the co-fusion process. But it was not he, for there are references to it before his time. As to 
Juan Shih’s +3rd century “harmony of the hard and the soft” we cannot be quite sure, but a 
clear statement has come down to us from about +500, some fifty years earlier than Chhiwu’s 
work. This was written by the great alchemist and physician Thao Hung-Ching (-++452/ 
+536), whose commentary on the first of all the pharmacopoeias, the Shen Nung Pén Tshao 
Ching (a compilation probably of Han date) is constantly quoted by Li Shih-Chen in his 
Pén Tshao Kang Mu of +1596, as well as in many earlier ‘‘herbals”.§ The passage reads:{[ 


“Thao Hung-Ching says: ‘Cast iron (séng thieh) is (for) things like lock-bolts (Asii)®®,** tripod 


* See p.1 at the beginning of this lecture. 

+ As Mr H. H. Coghlan pointed out to us in correspondence, the combining of the two kinds of iron 
could have occurred quite naturally to the early Chinese metal-workers, since the mixing of different 
non-ferrous metals was common from the Bronze Age onwards. In vol.7 of our book we shall discuss a 
remarkable text of about the —3rd century on the proportions of tin and copper in bronze alloys destined 
for different purposes. But first one had to have two distinct kinds of iron. That was the great Chinese 
achievement. 

} Lowe notice of this text to my old friend Dr Shih Shéng-Han, of the North-western Agricultural College 
at Wukung in Shensi. The passage may be somewhat later than Chia’s own time, but not very much. 

|| The fact that it could never be regained almost demonstrates that processes of the type of cementation 
were not used by Chinese smiths at this period. 

§ At least from the Thang Pén Tshao (+7th century) onwards. 

{| PTKM, ch.8, p.35b; tr. auct. 

** The difficulty of this passage comes partly from this word. If pronounced hsii it means a lock-bolt (the 
Khang-Hsi Tzu Tien defines it as the male part of the lock), but if pronounced ju it means liquid molten 
iron, and if jou then it stands for soft, i.e. wrought, iron. The sense of the passage requires it to be pro- 
nounced hsii the first time it occurs, and jou the second time — as Li Shih-Chen saw, for he added a note 
to guide the pronunciation in the second case. In the version in the Chéng Lei Pén Tshao of +1204 
(ch.4, p.31b) a similar note was present, but it was attached by the editors in the Jurchen Chin kingdom 
(no metallurgists) to the wrong hsii. 


28 


CO-FUSION STEEL 


cauldrons (chhéng),9°* and boiling-pans (fu),®! such as are not (easily) broken (pu pho)**t(in the 
fire).{ Steel (kang thieh)|| is (made when) the raw (cast iron) and the soft (wrought iron) are mixed 
and heated together (tsa lien séng jou).°°§ It is for making sabres and sickles (tao lien)**.” 


The authenticity of this passage is strikingly affirmed by the fact that it occurs also in the 
Hsin Hsiu Pén Tshao (Newly Reorganized Pharmacopoeia) of +659. This was due to a 
commission under Li Chi and paved the way for Su Kung’s Thang Pén Tshao issued in the 
following year. Though lost in China, five chapters were preserved in Japan, as a Japanese 
envoy had copied the work in +732. Thus we have had the good fortune to receive this earliest 
of mentions of the co-fusion process from a source only a century and a half later than the 
time of Thao Hung-Ching himself. Another source of respectable antiquity, the Honz6 
Wamyé (Synonymic Lexicon of Materia Medica, with Japanese names), written in +918 by 
Fukane no Sukehito, evidently knew the same text, for it says§] laconically of steel: “Made, 
according to Thao Hung-Ching, by mixing and heating”’. 

Perhaps the Jocus classicus for the co-fusion process may be found in the Pén Tshao Thu 
Ching, compiled in +1070 under the leadership of the famous astronomer, engineer and 
horologist Su Sung. There** we find the following: 


“The Thu Ching (Illustrated Pharmaceutical Manual) now says: ‘Iron from all the different 
districts and provinces is not separately recorded, for it is as if the same place produced it all. 
South of the River, or in Western Szechuan— wherever there are blast-furnaces (/u yeh),! they all 
have it. . .tt+ The first refining process (in iron-making) is the removing of the gangue (Rung)! 
(i.e. smelting), That which is used for melting and running into moulds (chu hsieh)'? to make 
objects and vessels is called raw iron (séng thieh, cast iron). Repeatedly softened (lit. melted) and 
beaten (tsai san hsiao pho), it can be made into a bloom (hsieh)8; this is soft iron (jou thieh),°4 and it 
is also called ripe iron (shu thieh, wrought iron). By mixing and uniting the raw and the soft (7 séng 
jou hsiang tsa ho)°5 (a metal is obtained) for making the edges and points of sabres and swords; this 
is called steel (kang thieh)...’ ”{t 


Nothing could be clearer. But Sung Ying-Hsing in +1637 added certain rather important 
details which ought also to be noted.||\| 


“The method of making steel is as follows. The wrought iron is beaten into thin plates or scales as 
wide as a finger and rather over an inch and a half long. These are packed (lit. wrapped) within 
(wrought) iron sheets,§§ and all tightly pressed down by cast-iron pieces piled on top. The whole 
(furnace) is then covered over with mud (or clay) matted with worn-out straw sandals. The bottom 
of the pile is daubed with mud (or clay) as well. Large furnace piston-bellows are then set to work, 
and when the fire has risen to a sufficient heat, the cast iron comes to its transformation (i.e. melts) 
first (hsien hua),!°S and dripping and soaking (shen lin),!°7 penetrates into the wrought iron. When 


* The editors of the Chéng Lei Pén Tshao added a note indicating this pronunciation. The usual one is 
of course chhiang,®’ meaning a lance, and later a gun. 

t The Hsin Hsiu Pén Tshao has pu pei,*® which makes no sense. The envoy must have miscopied. 

+ It seems curious that the brittle cast iron should have been considered as not easily broken, but one 
supposes that Thao Hung-Ching had in mind good resistance to fire such as was naturally applied to 
cauldrons and boiling-pans. 

|| Hsin Hsiu Pén Tshao writes kang,*? an unusual form. 

§ Fou here is the equivalent of jou,®* which always means wrought iron, and which the Shuo Wén 
defines as iron which is soft (juan).°° 

4 Ch.1, p.7b. 

** Thu Ching Yen I Pén Tshao ch.4, p.16a,b; quoted also in Chéng Lei Pén Tshao (+ 1204), ch.4, p.35b; 
and in PTKM, ch.8, p.35b. Tr. auct. 

+t A sentence about iron scale from forges (thieh lo)'°* omitted. 

tt The passage continues about powdered iron filings (thieh ching).'°* 

lll Thien Kung Khai Wu, ch.14, p.gb. Tr. auct. 

§§ Here the text is rather obscure. 
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the two are united with each other, they are taken out and forged; afterwards they are again heated 
and hammered. This is many times repeated. The product is usually called ‘lump steel’ (thuan 
kang) or ‘irrigated steel’ (kuan kang).’’* 


Thus we see how in the fully developed form of the process the aim of getting more perfect 
union of the two metals (more perfect diffusion of the carbon, as we should say) led to the use 
of quite small pieces of the non-liquefying phase. Possibly the idea of these little leaves or 
scales was derived from scale armour. 

Between Chhiwu Huai-Wén and Biringuccio— a thousand years’ gap — we have no geo- 
graphical bridge, save perhaps a statement in one of the writings of the great Arabic scholar 
al-Biriini, about -+1030, reported by Togan(3). Some people, he says (it is not quite clear 
who), make steel (shaburagan) by melting together wrought iron (nermahen) and something 
called daus. This had been taken by Wiedemann(14,15) to mean oxide slag, but Togan is sure 
that it means cast iron. In any case the method would have been meaningless in Europe before 
the availability of cast iron in quantity, and could not therefore have taken root there until 
after -+1400. Another reference to it seems to be contained in a work on martial techniques 
composed for Saladin (Salah al-Din) about +1185, parts of which have been translated by 
Cahen(z). 

The esdoh may well be raised, whether the carbon-rich phase ever really liquefied in the 
mediaeval Chinese co-fusion process.{ That it almost certainly did, the quotations given are 
enough to show, for the Wu Pien speaks of the metal reaching maximum fluidity and wanting 
to run,|| while the Thien Kung Khai Wu describes how it drips, soaks, and penetrates into the 
wrought iron lumps. Besides, the typical technical term of the Sung, kuan kang, ‘‘suffused”’, 
“interfused”’, literally “irrigated” steel, is written with the water radical (Rad. No.85) and 
implies unambiguous fluidity. 

In our own time, experimental investigation has been made of the mediaeval Chinese co- 
fusion process.§ A pile of wrought iron strips was heated in a furnace chamber on a refractory 
layer to about 975°C, then withdrawn and forged with a hand hammer. As the chamber was 
lined with graphite the atmosphere was kept well reducing (chiefly CO). The results of the 
introduction of varying proportions of powdered white cast iron between the layers were then 
examined with the metallographic microscope, and it was found that as the proportion 
increased, a carbon distribution more and more uniform throughout the welded mass was 


* On these words see pp.33ff. below. 

t This is the al-Tabsira ... fi’l Hurib ... (Explanations of Defence and Descriptions of Military 
Equipment), written by Murda ibn‘Ali ibn Murda al-Tarsiisi, an Armenian of Alexandria. Four steel 
processes are given, all using crucibles; the second seems to be a co-fusion of wrought iron with a very 
high-carbon steel. The other three look like the cementation of soft iron with various substances of 
vegetable origin. It is interesting that the steel of China is coupled with that of India (wootz) as being of 
superlative quality. The passage ends with several rather fanciful recipes for quenching liquids. 

t We are indebted to the kind criticism of Dr Cyril S. Smith for appreciation of the need for verifying 
this point. He suggests that the co-fusion method was but one aspect of a general tendency in East Asia 
to work different types of iron in combination. The multiple folding and forging techniques which we 
shall shortly consider, and which were brought to such perfection by the Japanese swordsmiths, were 
also ‘‘the combination of the hard and the soft’’, only treated entirely below the melting-point. We might 
find the background to all this in a propensity to philosophize about advanced techniques in non-ferrous 
metallurgy (cf. p.1 above). 

|| See p.36 below. 

§ These experiments were carried out by Dr P. Whitaker, Metallurgical Research Manager at the 
laboratories of Messrs Stewart & Lloyd, Corby, Northamptonshire; at the suggestion of our mutual 
friend, Mr H. H. Coghlan of Newbury, and as the result of a long correspondence on the history of iron 
and steel technology in China (Nov. 1954—Dec. 1955). We are very grateful to Dr Whitaker for per- 
mission to make mention of them here. 
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DIRECT DECARBURIZATION STEEL 


obtained. Fig.48a shows the increased carbon content at the welding planes, with a consider- 
able amount of unabsorbed white cast iron at the junction of each weld. Furthermore after 
allowing carbon migration to take place by continuing heating for eight hours at goo°C, just as 
Chhiwu Huai-Wén did with his “overnight iron”, a very uniform steel of eutectoid composi- 
tion was obtained (Fig.48b). Such specimens responded to hardening treatments like good tool 
steel, and sometimes showed a damascene quality.* This was a most interesting repetition 
under modern laboratory conditions of a mediaeval process which in some ways seemed hardly 
credible. 


Direct DECARBURIZATION STEEL 


Chhiwu’s family name sounds barbarian, but it was not, yet he certainly served a barbarian 
(Tho-pa) dynasty. It is important not to underestimate the metallurgical skill of the barbarian 
peoples on the fringes of the Chinese culture-area; when the whole story of metallurgy there 
becomes known, they will be found to have made noteworthy contributions to it.[ When the 
Liao dynasty was taking shape from the Chhi-tan tribesfolk towards the end of the +g9th 
century, one of the earliest leaders|| Sa-La-Ti encouraged the establishment of iron foundries 
in their lands, and used the skill of certain traditional iron-working tribes (the Shih-wei and 
the Ho-chu).§ In the+ 1othcentury, the Liao could count on theservices of athousand households 
of smiths for their arsenals. The following text speaks not only of the art of such men, but reveals 
in passing a metallurgical fact of great importance. It comes from the Tu Hsing Tsa Chih 
(Miscellaneous Records of the Lone Watcher), written about +1176 by Tséng Min-Hsing. 


“The governor of the Hsi-jung (barbarians), whose name was Lu Chi... left a sword of yellow 
steel (huang kang chien)! (to his descendants), saying that the Hsi-jung people alone could make 
them. But he did not record the details of how they did it. 


“When I was living in Hsiang (Hunan) I used to see the Yao tribesmen coming to the temples to 
worship the gods, and every man carrying a sword. These were made of yellow steel, and only the 
barbarian tribesmen could make them. They also had a (curious) custom that whenever a son was 
born, all the relatives who came to see the baby would bring along with them a bar of iron and throw 
it into (a tub of) water. Then, when the boy had grown up, and there was to be a feast to celebrate 
his wedding, his friends would take out the iron and refine it over and over again a hundred times 
(pai lien)" to obtain the essential steel (7 chhii ching kang).112 When the sword was completed, there 
was not a grain of extra weight left (pu shth yu chu liang chih hsien).1° Thus he who started out with 
plenty of iron eventually has a sword so splendidly sharp that with one swing it will cut right 
through the body of an ox. Even swords second-rate in comparison cannot be made by the Han 
(Chinese) people. The tribesmen wear their swords throughout their lives, and any Han person 
wishing to obtain one must first kill the wearer. 


“Smiths in neighbouring districts have often tried to imitate these swords. Old metal-workers have 
told me that they call such imitation steel ‘up-to-a-certain-point’ steel (tao kang),14 for the refining 
has been carried on only to a certain degree. 


“Nowadays people mix cast iron (séng thieh) with wrought iron (shu thieh) to make steel. But how 
can this really be called refining (len)? It is only the swords of the Hsi-jung that can be said to be 
made of refined (steel). 


* Cf. pp.44ff below. 

+ One of the pupils of Kungsun Lung the logician in the —3rd century was a Chhiwu. 

t Cf. Sinor(3), and, on a metallurgical ordeal among the Tho-pa, Ware(z). We may find that the earliest 
metallurgical use of coal was in Sinkiang. 

|| He was the father of A-Pao-Chi (cf: our vol.4, pt.3). See Liao Shih, ch.2, p.8a, and ch.60, p.2a. 

§ Cf. Wittfogel and Féng, pp.89, 106, 141, 149, 150, 152. 

4] Ch.4, p.8b; tr. auct. 
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Here then the tribal swordsmiths are praised.* But not only for their skilful sword-making, 
even more for the fine steel which they produced from cast iron bars by a process laboriously 
pursued through a hundred “‘refinings”’. It is obvious at a glance that this cannot have been the 
cementation of wrought iron. On the contrary it was nothing else than the direct decarburiza- 
tion of the blast-furnace product, a process particularly difficult when the partial rather than 
the tqtal removal of the carbon was the object aimed at, so as to give steel rather than wrought 
iron. To Yoshida Mitsukuni(z) we owe a recent study} which shows that this process was 
successfully carried out by Chinese iron-workers through the centuries. We also have an eye- 
witness account of the process, as carried out at Lao-lu-kuan in Yunnan, by Rocher.{ Tséng 
Min-Hsing was certainly wrong in thinking that the smiths of the Hsi-jung were the only 
craftsmen who were skilled at it. 

Here it is convenient to revert for a moment to the development of siderurgical technique in 
Europe. The need for the conversion of the brittle and unworkable cast iron to malleable or 
wrought iron must have been felt as soon as it was possible to produce cast iron itself in 
quantity and with assurance. The casting of cannon and saucepans was after all not the only 
aim of the iron industry, as the cutlers of mediaeval Europe could have risen up to say. Besides 
the manifold uses of its own, wrought iron was the raw material of steel-making by cementa- 
tion. Accordingly, whether the development came about by an intrinsic evolution or under the 
influence of extra-European stimuli, the +14th century saw the rise of a great number of 
finery furnaces (affineries) in which the solid cast iron was melted and worked in an oxidizing 
blast so that the carbon was removed and wrought iron produced.|| This was then reheated 
and welded in chaferies (chaufferies) until the product was uniform and ready for use.§ From 
the region of its origin this process was known as the Walloon method, and is described with 
its many modifications in the exhaustive treatise of Percy.§[ Maréchal(z), who explains very 
clearly the pushing of the cast iron bar into the furnace so that it continuously melts while the 
decarburized iron collects at the bottom, suggests that the scene on the left of the Patenier 
picture already reproduced (Fig.15) shows this ‘‘fining”’ of iron from cast bars. The conditions 
in some of these processes would not reduce the carbon in the metal below about 3 per 
cent; this was the case, for instance, with “mazéage”** or the “running-out fire”, the 
English term for which was refining, not fining.t+ All of them were still at work when in the 
last half of the +18th century the process of puddling was invented.{{ Here the new thing 
was the use of the reverberatory furnace which avoided all contact between the metal and the 
fuel. 

As time went on, it was realized that on its way to wrought iron the metal must have passed 
through a steely phase. The problem was to arrest it there. For a long time this could only be 


* A good parallel is found in Chou Chhii-Fei’s Ling Wai Tai Ta (+1178), ch.6, p.4a, who admired the 
steel daggers of the tribespeople of Yunnan. The water of a river near Tali was famous for its quenching 
properties. 

t We gratefully acknowledge the assistance of Mr J. R. McEwan in examining this contribution. The 
same point has been made, more briefly, by Lin Shou-Chin(rz). 

t (1) vol.z, pp.z12ff. A blast-furnace of special type (shown in Fig.49) was used to furnish the cast iron 
for this process. 

|| Johannsen(3) has suggested that the clue for this cold oxidizing blast was derived from the cold blast 
used when matte is converted to blister copper. 

§ A good account of what happened in England has been given by Schubert(r). 

1 (2), pp.58off., based partly on the classical presentations of Wigand(1) and Tunner(r). See also 
Maréchal(1), Johannsen(2), pp.85ff. 

#** Percy(2), p.621. 

tt Percy(2), p.579. 

}t By T. and G. Cranage (+1766), P. Onions (+1783) and best known Henry Cort (+1784). 
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done on a small scale and with some difficulty, but the Styrian and Carinthian hearths,* 
which were fundamentally similar to other fineries, seem to have started work not much later 
than +1600. The smiths of Brescia on the North Italian plain may have been even earlier in 
the field.t In practice some of these methods verged very closely on the system of co-fusion,f 
but in general the pig metal was submitted to an oxidizing blast until it was judged to have 
sufficiently steeled. After the puddling era had been reached it was natural that this way too 
should be adapted for steel-making,|| and success was first attained by Schlegel, Miiller and 
Mayr in 1835 after the proposal of Brant in 1824. Meanwhile it had occurred to the genius of 
de Réaumur that malleable iron could be made from cast iron by a process which we can now 
see was the converse of cementation; instead of making carbon diffuse into carbon-free iron by 
packing it with charcoal, he oxidized away the carbon from cast iron by packing it with 
oxygen-donators such as chalk, lime, or best, iron oxide.§ This was in +1722. But as the 
object of de Réaumur was only to render workable and usable the brittle and difficult white 
cast irons, his process was not at first applied to steel-making. With Lewis in 1759 and J. Wood 
in 1761 this was begun, and with Samuel Lucas in 1804 and Uchatius in 1855, quite attained. 4[ 
But in the very same year came the revolutionary invention of the Bessemer converter in 
which the carbon and other elements in molten cast iron were oxidized by a powerful blast of 
air blown right through the bath of metal.** The distinguishing thing about all these techniques 
was that they were furnace or crucible processes, while the Chinese method seems to have been 
more of an anvil process. The following quotations will give us some idea of it. 

It is best to begin with two Sung writers who contrast the steels made by co-fusion with 
those made by the direct decarburization method. In the Méng Chhi Pi Than (Dream Pool 
Essays) of +1086 Shen Kua says: + 


“What present-day smiths (twan thieh)5 call steel (kang thieh) is produced by the following 
method. Soft (i.e. wrought) iron (jou thieh) pieces are bent and twisted up, and raw (i.e. cast) iron 
(séng thieh) is packed among them, then the mass is covered over with clay and heated. Afterwards, 
with further hammering (tuan, forging) they are made to penetrate into each other (hsiang ju).116 
This is called ‘lump steel’ (thuan kang), and it is also called ‘suffused steel’ (or ‘interfused’ or ‘inter- 
larded’ steel, kuan kang). But this is ‘false steel’ (wet kang). For it is only a temporary borrowing 
(chan chia)"” of the hardness of the cast iron. (After all, we know that) after two or three finings 
(lien) cast iron becomes ripe (shu) and turns into wrought iron (jou thieh). However, most people do 
not realize that the (mixed) steel is false, for they have never seen true steel (chen kang). 


“When I was sent on official business to the iron-works at Tzhu-chou I watched the smelting and 
refining of iron.{{ Then I understood (for the first time) what true steel is. Iron contains steel just as 


* Detailed descriptions will be found in Percy(2), pp.778ff. 

+ Cf. Johannsen(z), p.88. 

t Such as the Paal method; see Karsten(1), vol.4, p.462; Percy(2), pp.790, 807. 

|| See Percy(2), pp.791ff. 

§$ See Evrard and Descy(1), p.212; Percy(z2), p.804. 

4] Percy(z), pp.802ff., 804ff. In the Lucas process edge tools of all kinds were cast first and then packed 
with iron and calcium oxides in such a way that different times and temperatures of heating would steel 
them to any degree desired. 

** Percy(2), pp.81off. The invention was made simultaneously by H. Bessemer and J. G. Martien, but the 
latter thought of it only as a means of obtaining wrought iron. It was R. Mushet who in 1856 contributed 
the idea of using spiegeleisen (cast iron of 5 per cent C-content) in known amounts to obtain a definite 
C-content of the steel after the complete removal of all carbon. On the Mushets see Osborn(1). We shall 
return shortly to the pre-history of the Bessemer and all “‘pneumatic’”’ methods. 

tt Ch.3, p.6b (sect.15), tr. auct. 

tt Hu Tao-Ching(z), vol.1, p.135, identifies the date of this visit as +1075. Tzhu-chou is in southern 
Hopei at the foot of the Shansi escarpment, north of the Yellow River and south of Hantan. 
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wheat flour (mien)"!8 contains gluten* (chin), the material which appears when the soft part of the 
flour has all been washed away. The same can be seen in the refinement of steel. If the purest (cast) 
iron (ching thieh){ is forged after being heated in the fire more than one hundred times, it becomes 
lighter at each forging until at last its weight diminishes no more.{ The product is pure steel (shun 
kang). This (pure steel) will not lose weight even though you refine it a hundred times more. This is 
truly the purest essence of iron. Its colour is clear and bright, with a blue-black shine when rubbed, 
a dark colour quite different from that of ordinary (cast) iron. But sometimes iron may be con- 
tinuously refined and goes on losing weight till at last nothing is left and no steel is obtained. It 
depends on the place of production of the iron used.” 


The second passage comes from the Pén Tshao Yen I (General Ideas of the Pharmacopoeia),|| 
presented to the throne by Khou Tsung-Shih in +1116. It will be seen that he had read 
Shen Kua. 


“The first smelting (lien) of the iron ore as it comes from the mine (khuang)* gives what is called 
raw (cast) iron (séng thieh) ... Soft iron (jou thieh) is iron which has been roasted (chhao)'**; it 
is ripe iron (shu thieh). Steel (kang thieh) is a refined iron from which the dross (tzu)!*5 has been 
purged away ... Since the cast iron is that which comes out from the ore in the fire of the 
(blast-) furnace, people call it raw iron. It is like heating hempseed for oil; that which comes out 
first is the raw oil — the idea is the same. For the white (refined) hempseed oil, see under Hemp. 
(By the way), iron powder mixed with raw ginger juice and rubbed on the eyebrows, makes them 
grow. 


“Now for (making) steel, they take (bars of) soft iron (jou thieh) and fold them up in coils, inserting 
pieces of cast iron between the layers. Then they seal up (the furnace) with clay, and heat it.§ 
Afterwards the masses are forged so that they interpenetrate one another, and the product is called 
‘lump steel’ (thuan kang). It is also called ‘interfused steel’ (lit. irrigated or poured-over steel) (kuan 
kang). This is a rough (lit. rustic or makeshift, low quality, steel) (tshao chhuang)'*4 — indeed it can 
hardly avoid being (considered) false (we). For raw iron, although hard, after several refinings, 
becomes ripe, that is to say, soft iron (jou thieh). Yet hardly anyone realizes that it (the lump steel) 
is false. 


“But at the iron-works at Tzhu-chou they recognize what is true steel. Iron has steel (within it) 
like flour has gluten, that which remains when the flour has been thoroughly washed and rubbed. 
The refining of steel is just like this. If one starts (for example) with more than a hundred catties of 
pure (cast) iron (ching thieh), and it is weighed after each forging (before being returned to the 
hearth for further aeration) its weight will be found to decline, until eventually it loses no more. 
Then it is pure steel. This is because the essence of the iron is pure and through a hundred refinings 
is not lost. Its colour is pure and gleaming, and when polished it becomes intensely blue-black. 
Some kinds of iron there are which after extreme refining give no steel; the quality of pureness or 
roughness all depends on where the iron comes from.” 


* The chief protein of wheat flour remaining behind after the aqueous extraction of the starch, etc. I find 
no reference to gluten in the pharmaceutical literature earlier than this, but it is mentioned in the 
Pén Tshao Yen I (+1116), ch.20, p.4b, as useful for birdlime and insect traps. By the time of Li Shih- 
Chen at the end of the +16th century it had long attained its well-known place in Chinese diet and 
cuisine (Pén Tshao Kang Mu, ch.22, pp.24a,b). As the Buddhist monks found it so valuable as a basis 
for their vegetarian imitations of animal food dishes, it is possible that the preparation actually originated 
in their abbeys. 

+ Cf. the similar phrase used in the quotation about Chhiwu Huai-Wén above. 

t This is so important that we give the words ‘‘mei tuan chhéng chih, i tuan i chhing, chih lei tuan erh 
chin liang pu chien’’!?°, 

|| Ch.s, p.5b, tr. auct. 

§ We hesitate to add the word ‘‘furnace”’ here because we are persuaded that the process was carried on 
in large crucibles or some sort of pots of relatively limited size, but none of the passages give any details as 
to this. 
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From these interesting passages* we see that unlike Su Sung in the +1070 passage quoted 
above (p.29) both these writers have a distinct prejudice against steel made by the co-fusion 
method, though they describe it with unmistakable detail and give us the standard technical 
names which it had in the Sung. They failed to appreciate the rationale of the co-fusion process 
because they could not see how a soft thing could be made hard by a hard thing which itself 
(in appropriate conditions) easily became soft. Though among the best scientific minds of their 
age, they were still rather in the position of the sophist who argued with the bronze-age 
swordsmith at the beginning of this lecture, and this is a fact of much interest in itself, for 
it shows how far advanced beyond theory practical technique in some ages could be. No doubt 
the prejudice against the co-fusion steel arose because it was probably not usually so homo- 
geneous as that made by direct decarburization. 

The most interesting feature about the descriptions of this latter method is not the theory 
about gluten,t but the references to repeated weighings during the ‘“‘hundred refinings” and 
the eventual approach to constant weight. This is rather difficult to explain.t The balances 
available at the time could almost certainly not have detected the losses of carbon and other 
elements, but they might have measured scale loss as oxide, yet in that case constant weight 
would never have been reached; indeed the admission that some kinds of iron never did so goes 
some way to suggest that the constant weight was an illusion. At all events these indications of 
the use of the balance in practical metallurgy in China in the +11th century are precious in 
themselves.|| Weighing for economic reasons there must of course always have been, and 
problems concerning the yields of wrought iron produced from cast iron and ore may be 
found in the mathematical textbooks, e.g. the Suan Fa Thung Tsung§ of +1593. 

Our next text comes from the Wu Pien (Military Compendium) written about +1550 by the 
Ming mathematician and poet Thang Shun-Chih. This is not a very accessible book, but 
fortunately all that he said about iron and steel was quoted in the later encyclopaedias San 
Tshai Thu Hut (+1609) by Wang Chhi, and its Japanese counterpart Wakan Sanzai Zue 
(+1712) by Terashima Rydan. The three mineralogical chapters of this last were translated 
long ago by de Mély(1), and we use its text.{] Several changes of emphasis from the Sung will 
be noticeable. 


“Cast Iron. The Wu Pien says that cast iron (séng thieh) comes (largely) from Kuangtung and 
Fukien. In the (blast-furnace) fire it melts (jung) and is transformed, flowing like copper and tin. 
Nowadays men push to and fro (the bellows) and cast (chu) such things as boiling-pans and tripod 


* The statement of Shen Kua on the co-fusion method has long been known in Europe; Beck mentioned 
it as long ago as 1884, (1), vol.1, p.295, but its significance has not until now been appreciated. 

+ The parallel with the extraction of the water-soluble constituents of flour was not so far off the mark, 
for it was simply putting in another way what Chia Ssu-Hsieh had said five hundred years before. 
According to him, cast iron, in being transformed to wrought iron, lost a “juicy sap”’ which could not be 
regained. So also, according to Shen Kua and Khou Tsung-Shih, cast iron, in the conversion to steel, 
lost something analogous to the starch and other substances which when removed from flour leave the 
protein gluten. It is rather remarkable that everyone agreed that in these metallurgical transformations 
something was lost. How interested these men would have been to know that this something was identical 
with the carbon lamp-black so familiar to them as the basis of their ink. 

} It would be hard to accept the view of Li Héng-Té(z), quoted also in Hu Tao-Ching(z), vol.1, p.136, 
that Shen Kua was talking about the forging out of slag inclusions from wrought iron blooms. For in that 
case steel would not be the end-product — unless one were to suppose that cementation followed, about 
which the text is entirely silent. 

|| Any evidence for the use of the balance in experimentation in the Middle Ages is of great interest. We 
find other examples among the mediaeval Chinese alchemists. 

§ Ch.4, pp.14b ff. The fining losses seem to be computed according to a geometrical progression. 

4{ Ch.59, pp.29, 30 and 32. Tr. auct. adjuv. de Mély(z), pp.35, 37 and 38, 39. 
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cauldrons. The cast iron of Kuangtung is good while that of Fukien is coarse, so that the former is 
more expensive. 


“Wrought Iron. The Wu Pien says that ripe iron (shu thieh) comes (mostly) from Wénchow in 
Fukien, but the provinces of Yunnan, Shansi and Szechuan also all make it. That from Shansi and 
from Luchow in Szechuan is especially good. Southerners seldom use it and do not thoroughly 
know its properties. Wrought iron is full of dross and muck (fén tzu,!?5 slag).* In the fire it is 
changed to a consistency like bean paste (tou cha).!*° It does not flow. The smelters (yeh kung) 
handle it with bamboo tongs to take it out (from the furnace) and beat it with wooden mallets until 
a bloom (Rhuat)!27 is formed. Or else they cut (the pasty mass) in the furnace with bamboo knives to 
divide it in pieces. Nowadays people use it for making knives, guns, vessels and basins. There are 
three sorts of it, called ‘square iron’ (fang thieh),!*® ‘grasped iron’ (pa thieh),!?°+ and ‘rod iron’ (thiao 
thieh).°t 


“Steel. The Wu Pien says that there are two kinds of steel, ‘cast-iron steel’ (séng kang)!*! and 
‘wrought-iron steel’ (shu kang).!3* The former is made at Chhuchow; its nature is brittle (¢shuz),1 
and unskilful workers find it difficult to make (lit. refine, lien). For when it (the cast iron) comes 
forth from the smelting furnace (yeh Ju) it is mixed with much dross (slag) and charcoal ash (fén 
than hui)*4 and the lumps are rough and big. So only a skilful workman (chhiao kung)!** is able to 
beat and hammer it exactly to the right point, neither hastening nor delaying but attending to the 
correct ‘fire times’ (hwo hou)'56,|| If the heating is too prolonged, (the steeliness) will all flow away 
with the dross; if the heating is not enough, then the intrinsic substance (pén thi)!57 (of the metal) 
will not be (well) fashioned and mixed (lit. moulded, jung),15° and (therefore) not made uniform 
(lit. mutually united together, hstang ho). 

“ ‘Wrought-iron steel’ is made (in a different way) by mixing (ho) cast iron and wrought iron and 
heating (en). Sometimes plates of wrought iron are folded up so as to clasp pieces of (broken) cast 
iron boiling-pans (kung thieh kuo),1°® then the whole (crucible or furnace) covered with clay and so 
heated as a lump (thuan). Or the cast iron may be melted (chu) with the wrought iron, and when 
(the former) is just coming to its maximum fluidity (lit. ripeness) (chi shu)° and wants to run 
(yti liu), it is pressed (forced, or rubbed, tsha)** into the wrought iron (pieces).’’§ 


Passing over the descriptions of cast and wrought iron, which add details of minor interest 
only, we find here the best account so far of the direct decarburization process. Though Thang 
Shun-Chih did not emphasize the role of the cold blast, there can be no question of cementa- 
tion, since he clearly stated the raw material to be cast iron. The fining hearth therefore must 
have been something similar to those of the Styrian processes which were coming into use a 
little later, and equally surely must have derived from the +11th-century craftsmanship 
spoken of by Shen Kua. It is interesting to see that Thang Shun-Chih has no prejudice against 
the co-fusion steel, which still in the +-16th century preserved one of its Sung names. The 
Japanese editor, Terashima, added a curious note: ““This system of making steel by mixing 
and heating together cast and wrought iron has hardly ever been heard of in our country”. 


* This somewhat suggests bloomery iron, but there is no other evidence for such a form of smelting. 

+ Probably a billet which had been many times grasped with the tongs. 

t Cf. the strip-mills for making rods from wrought iron to supply nailmakers and other tradesmen, 
described by Maréchal(1,2). 

|| This expression is characteristic of Chinese alchemy; ¢f. our vol.2, p.330, and vol.7. Much could be 
written on the connexion between metallurgy and alchemy in China. Lin Shou-Chin(r), pp.122ff., who 
rightly emphasizes this, quotes sources to show that the Taoists, living in the forests and mountains, had 
to be provided with weapons effective against the attacks of real wild beasts as well as those of the 
invisible powers in their magical rites. Between the chemistry of drugs and metals there was no sharp 
line, and knowledge about both grew steadily among the Taoists. 

§ We presume that this is a description of what was going on inside the furnace and not any kind of 
manual operation. But cf. the passage from Biringuccio quoted above (p.27). 
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It only remains to give two further quotations, one from the latest and one from the earliest 
age. The first shall be from the Kuangtung Hsin Yii of about +1690; the second from the 
Huai Nan Tzu of about —120. Chhii Ta-Chiin wrote:* 


“As for the roasting (chhao) of the iron, the cast iron (séng thieh) is made into a lump (thuan) and 
put into the furnace, where it is baked (shao)+ until red-hot through and through. Then it is with- 
drawn and placed upon the anvil (chén).143 One man holds it steady with tongs while two or three 
others forge it with hammers. During this more than ten youths direct a cold blast on it (lit. fan it, 
shan chih)'“4 from one side; they must sing chanties (and work) without stopping for a moment. 
Thus the iron is (eventually) transformed into the ripe metal (shw) (i.e. wrought iron) and becomes 
a bloom (hsieh), (or into steel). There are several tons of these iron-roasting (i.e. fining or refining 
and. steel-making) workshops, and there are several thousands of workmen, for each shop has 
several tons of anvils and each anvil needs more than ten men. These (works) are classed as ‘small 
furnaces’. 


“Of furnaces there are in general two kinds, the ‘large’ and the ‘small’. For besides the raw (cast) 
iron there is the ripe (wrought) iron. Making cast-iron is a business requiring large (blast-)furnaces, 
making wrought-iron is one which needs only small furnaces. As for the strength and value of the 
steel, it depends chiefly on the quenching (tshui). Before quenching there is still a soft nature in it, 
but afterwards it is hardened steel. In the forge they take it swiftly from the fire and plunge it 
straight into water. As a hot fire softens it, naturally cold water hardens it. In this way pure steel 
(shun kang) is attained — such is the way of making transformed (?.e. directly decarburized) steel 
(lien kang).” 


From this it seems clear once again that by means of a cold blast skilfully applied it was 
possible to obtain steel by manual operations using cast iron as the raw material. That this 
may have been going on for eighteen centuries in China is suggested by the following brief 
statement in the Huai Nan Tzu book,{ the second sentence of which is often quoted|| in 
connexion with the history of the bellows: 


“One may have the furnace, the bellows, the tuyére and the moulds (Ju, tho, tuo, fang shé),\45 but 
without clever smelters (chhiao yeh)'4® one will not be able to melt the metal. They it is who 
violently work the bellows and send the blast through the tuyéres in order to melt the bronze and 
the iron. Then (the metal) abundantly spreads and flows (mi liu),!47 and (later) is forged until it 
becomes hard (chien tuan).\48 They work at this and do not weary all the day long.” 


Obviously the attainment of hardness by forging cannot possibly mean fining cast to wrought 
iron. And the metal which abundantly spread and flowed was certainly not the latter. The 
reference must surely therefore be to steel made by the direct method. 

If we accept the “hundred refinings”’ (paz lien)49 as a technical term referring specifically 
to this method, we can trace it through a number of centuries between Huai Nan Tzu and the 
Sung. In a poem by Liu Khun, written about +320 to encourage a friend against adversity,§ 
he wrote: ‘‘What is the purpose of the hundred refinings in steelmaking? To soften the metal 
so that it can be wound round one’s finger?” And the editor of the Wén Hsiian illustrated the 
rhetorical nature of the question by adding a sentence from the commentary of Ying Shao on 
the Chhien Han Shu: ‘People say that even in a hundred refinings the hardness of the steel is 
not lost.” As Ying Shao died in +195, the process is well attested for the Han. Again, later on, 


* Ch.15, p.gb. 

t The implication arising from the careful translation of this word should not be missed; it is that the 
iron was in minimal contact with the fuel. 

} Ch.11, p.rob. 

|| As in our vol.4. 

§ Wén Hsiian, ch.25, p.8a. 
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Tshui Pao in his Ku Chin Chu of the mid +4th century, speaks* of the three famous sabres of 
the first King of Wu State (in the Three Kingdoms Period, ca. +235), one of which was named 
Pai Lien. And then in a disquisition on sword-making for Taoist magical purposes Thao 
Hung-Chingt tells how in +505, at the beginning of the Liang dynasty, the emperor ordered 
the forging of steel sabres and swords for court use, and these were made with the greatest skill 
by the workmen of the imperial workshops, using the “hundred refinings” method.} Barbarian 
dynasties were not lagging behind, for the same is reported|| of Chhihkan A-Li, who served 
the Hsia State ca. +415. Provisionally the direct decarburization of cast iron to steel must be 
placed at least as early as the Chhin and Han, probably not more than a couple of centuries 
after the first casting of iron itself. 

From all the above it is clear that in ancient and mediaeval China steel was made by processes 
quite different from the cementation method of Wayland Smith and the Gallo-Roman Guilds, 
or the faggoting of their prehistoric forefathers. This can only have been a consequence of the 
abundance of cast iron which the Chinese had at their disposal from the —4th century on- 
wards. They probably first found a way of obtaining steel directly from it by the discreet use of 
an oxidizing blast, and then they discovered that by combining cast and wrought iron together 
in the co-fusion method, still more steel could be made. The former technique seems to be at 
least as early as the —2nd century, and the latter cannot have come into use later than the 
+5th. The dates of the similar processes in Europe are very different. Fining to wrought iron 
must have followed the first blast-furnaces of the late +14th or early +15th century closely, 
and direct decarburization (refining) to steel apparently arose in the +16th,§ just about the 
same time as the first European references to the co-fusion process.{{ There seems to be 
something rather suspicious about the appearance of all these correlated techniques within 
such a short period, but no direct evidence of a transmission of Chinese “know-how” to the 
West at that time has yet made its appearance. 

It is noteworthy, however, that Otto Johannsen, the best historian of iron and steel techno- 
logy in Europe, has seriously envisaged the diffusion of at least a stimulus from East Asia in the 
invention of the blast-furnace.** In one place, concluding that the first blast-furnaces of 
Europe appeared in the Rhine Valley, he adds: “that is to say, from the very same culture-area 
to which we owe the discoveries of gunpowder and printing.” Though this was not in fact 
their original home, the juxtaposition which he makes heretf may be highly significant. The 
truth is that the mastery of cast iron takes its place among a number of other European 


* Ku Chin Chu, ch.1. 

+ The celebrated physician and alchemist already referred to on p.28 above. 

{ This passage is preserved, not in Thao Hung-Ching’s Ku Chin Tao Chien Lu (cf. vol.4), but in a 
Taoist work, the Tung Hsiang Ssu Ming Ching (Divination Manual of the East Country), of later (but 
perhaps not much later) date, which is quoted rather fully in TP YL, ch.665 (see pp.4b ff.). The magic 
swords were used for the dematerialization of the corpse of an adept (cf. our vol.2, p.141). 

|| Chin Shu, ch.130, p.3b. 

§ These processes may, however, have antedated the first blast-furnaces. For according to Johannsen(z), 
p.39, some types of early mediaeval European bloomery furnaces produced small amounts of liquid 
high-carbon iron (called Graglach in the Steiermark), and ways were found of using this. Cf. the 
product of some of the Chinese crucible smelting furnaces, and of the Japanese tatara furnaces, on which 
see also Ledebur(1). 

| It is sometimes said, as by Johannsen(3), p.1457, that these oxidation procedures were perhaps taken 
over from the parallel techniques in copper refining whereby the sulphides of matte copper are oxidized 
with the production of blister copper. But I do not know of any historical evidence to justify this 
view. 

** (3), pp.1457, 1628, (10). 

Tt (2), p.64. 
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adoptions of East Asian techniques in what may be called the ‘‘Fourteenth-century Cluster’’.* 
If the focal date for the blast-furnace is +1380, that for the first European block-printing (an art 
which had been current in China since the +gth century) is as close to it as +1375, and this 
was Rhenish too.t Gunpowder appeared in Europe rather earlier, let us say in the neighbour- 
hood of +1325, and its association with iron-casting was particularly close since Europe 
received the knowledge of the first explosive mixture only at the close of a long period of prior 
evolution.{ This evolution had all taken place in East Asia, especially China, from the +r1oth 
century onwards, and its culmination was the highly resistant barrel of solid metal which 
permitted high-nitrate compositions to exercise their propulsive properties. But this is not all. 
The first of the great segmental arch bridges of Europe was built about +1340, though the 
prototype structures had appeared in China in the +7th century.|| And though the date of 
approximately +1310 has long been acceptable for the first mechanical clocks of Europe, 
recent researches have shown that their antecedents reach back to the beginning of the +8th 
century in China.§ There seems no escaping from the conclusion that East Asian technological 
influences were powerfully at work in Europe in or just before this period, and it can hardly be 
a coincidence that the late +13th century was the time of the Pax Tartarica, when merchants 
could range unhindered from Carcassonne to Cambaluc.§ 

A few words more are still necessary regarding the skill of the Chinese in the direct de- 
carburization process. Certain facts point to its transmission to the West in a very curious 
connexion, upon which more light will we hope be thrown by current historical researches. 
In +1639 a Dutch merchant, J. A. von Mandelslo, was travelling in Japan, and took an 
interest in many of the techniques of the country. In his memoirs published later we find the 
following remarkable passage:** 

“They (the Japanese) have, among others, a particular invention for the melting of iron, without 
the using of fire,t+ casting it into a tun done about on the inside with about half a foot of earth, 
where they keep it (melting) with continual blowing, and take it out by ladles full, to give it what 
form they please, much better and more artificially than the inhabitants of Liége are able to do.” 
For 200 years nobody noticed this statement, but then Clibborn(1) in 1862 drew attention to 
it, plausibly supposing that the earth was some kind of baked fire-clay and that the whole 
vessel was something like a modern molten glass pot. It was probably something very like the 
tub-furnace used in Yunnan for the purification of copper and studied by Rocher(1) — see 
Fig.50. Clibborn also judiciously surmised that the Japanese derived their method from 
* As knowledge increases we mav be able to distinguish a number of such “‘packaged’’ transmission 
complexes. For example, there was the coming of the magnetic compass and the stern-post rudder to 
Europe just about the same time (+1190). The windmill, which arrived a decade or two earlier, clearly 
belongs to this group. The evidence for the compass is given in our vol.4, for the rudder in our vol.s5, 
and the windmill also in vol.4. Each of these complexes must have been naturally the result of preceding 
social, economic and inter-cultural situations, the identification of which will require much further 
work. The usual tendency is to refer these late +12th-century transmissions to crusader contacts, but 
this opinion needs critical appraisal. 

+ For the evidence see Carter(1), p.185 (2nd ed.), and our vol.6. 

t The story will be told in full in our vol.6. 

|| See the section on civil engineering in our vol.5. 

§ See the section on mechanical engineering in our vol.4, and more fully in the monograph of Needham, 
Wang and Price. 

€ Cf. our vol.1, pp.188ff. 

*\(1),. col.g 17. 

tt The lack of any need for fuel to maintain the temperature of the metal was always one of the most 
striking things about processes of Bessemer type. At the moment of writing these pages, there are press 


reports about new advances in the technique of steel-making from cast iron by the use of oxygen, all heat 
being generated by the oxidation of the metal and its associated elements, in a rotating drum. 
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China, “where there was always extreme abundance of iron, and great craft of smiths of all 
kinds”. But he went rather too far in maintaining that this old method was a full anticipation 
of Mr Bessemer (1855); for it was soon pointed out* that an air-blast could not have been 
blown: through the molten metal as no characteristic eruption was described, and that no one 
in the +17th century could possibly have obtained a temperature sufficient to keep fully 
carburized iron liquid. 

Clibborn, however, adduced another interesting fact, namely that it had long been the 
practice of nail-makers in Britain and Ireland] to increase the temperature of bright red-hot 
iron by exposure to a strong blast of cold air. This rather strange phenomenon resembles the 
burning of iron to its oxide in oxygen, and as the carbon burns away at the same time it was 
certainly utilized to obtain a metal very close to steel for the special duty of horseshoe nails.|| 
Indeed, a graphic description of it had been given long before by R. Phillips(1). In view of the 
long priority of the Chinese in direct decarburization, it would be interesting to know more 
about the history of the nail-makers’ trade. Still more relevant to the story of von Mandelslo is 
the investigation of W. B. Phillips(1) who relates that in 1845 four Chinese workmen were 
imported to the United States as experts for work at the Kelly Furnaces at Kuttawa, West 
Kentucky.§ He suggests that they brought with them some technique of a “pneumatic” 
character, as he calls it, in which air was blown into or on to molten cast iron, with the result of 
obtaining something approaching cast steel. Weeks(r1) also tells us that William Kelly of West 
Kentucky invented about 1852 a “pneumatic principle” of steel-making,{] but that it was not 
mechanically workable in practice until the modifications introduced by Bessemer (1855).** It 
would indeed be an extraordinary dénouement if it should turn out that the Chinese and 
Japanese methods of cold-blast direct decarburization were just as much ancestral to the 
Bessemer technique, so characteristic of the expanding phase of modern industrial produc- 
tion, ft as the old co-fusion method was to the Siemens-Martin open-hearth furnace. 


THE WELDING OF HarRD AND Sort STEELS 


Let us now turn to an art which probably reached the height of all possible development in the 
last ages of mediaeval Japan, namely the making of swords (or rather sabres) by the welding 
together in various ways of pieces of different kinds of iron and steel. By this means the 


* Percy(z), p.816. 
t+ It will be remembered that cast steel was nowhere available in Europe until the time of Huntsman 
about +1750. 
} Descriptions refer to Birmingham, Wolverhampton, Ruabon (Wales), and Dublin. 
|| There was formerly a belief, wrote Clibborn, that pistol or gun barrels made from old horseshoe nail 
iron would never burst, and were as good as Damascus steel. 
§ Phillips studied the local traditions on the spot. 
§] Documents reproduced show that he planned and explained it in 1847 and by 1851 had actually made 
his first “‘air-boiling furnace’’. See the special monograph of Boucher(r). 
** It is not suggested that Bessemer had not been working independently. But his first converter was 
cylindrical with lateral blowholes at the top (see Weeks(r1), p.991; Bain(r), pp.145, 146), while Kelly’s 
was globular, tub-shaped, and tipping by means of a cogwheel. It is thus of great interest to note that 
many of the small traditional Chinese blast-furnaces were suspended so as to tip (for easier flow of 
metal) at least 30° from vertical (Lux(1), p.1407; Johannsen(9), (3), p.1459; Foster(4); cf. the tipping 
furnace of the Yunnan copper-refiners (Rocher(1), vol.2, p.227). 
tt It is curious to reflect that apart from case-hardening the characteristic mediaeval European method of 
cementation has little part in the modern iron and steel industry. Decarburization in converter (Bessemer, 
Thomas) or in electric furnace (Kjellin, Stassano and Héroult), and the modern equivalent of ‘‘co- 
fusion” (Siemens and the Martins), are far more important, and all have Chinese ancestry. The case is 
similar to that of celestial co-ordinates in astronomy (see our vol.3, p.266). 

China seems to be always in the background of the Bessemer invention; cf. the reference of Johann- 
sen(2), p.163, to Chinese ‘‘tinkers’’. 
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hardness of an extremely sharp edge could be combined with the elasticity of a soft steel back. 
On Japanese swords there is of course a voluminous literature,* into which we cannot here 
enter. A brief description of the principal methods of ‘forging by combining sheets” (awase- 
kitai), given by Chikashige,t may suffice to indicate the kind of technique used. A plate of soft 
steel (thai chin,\®° daigane) was used as the foundation for a number of pieces of very hard 
quenched steel (yii Rang,15° tamahagane) which were welded on to it, and the whole folded 
over and over to form a laminated structure of some sixteen or more layers. This was used as 
the cover metal (phi chin,!*! kawakane). Then in various ways it was combined with an inner 
core of soft steel (hsin chin,!** shingane), and a strip of extremely hard steel for the edge (jen 
chin,'®8 hagane). There were infinite variations in the smith’s procedures, all involving sand- 
wiches of different kinds; diagrams of five types of them are shown here in Fig.51a,b. A photo- 
graph of one of the early stages in the welding of such a sword is shown in Fig.52. 

This technique was not confined to military weapons, even in Japan. The Hyakushé Denki 
(Peasants’ Chronicle) of about +1684 says{ that hoes and sickles are made of combined 
wrought iron and steel, the former being the ‘‘foundation layer’. This is repeated in the Kéka 
Shunji (Chronicles of Ploughing and Sowing) written by Tsuchiya Matasabur6 in +1707, and 
some other sources say that these farm implements were reforged every year.|| However, the 
greatest care and skill was reserved for arms, especially sabres. 

The Japanese swordsmiths may rest undisturbed in the enjoyment of their just renown; our 

purpose is only to show that as in the case of several other arts which were brought to great 
perfection in Japan,§ the foundations had been laid in China. In the +17th century, Japanese 
swords were considered by the Chinese as superior to any made in their own country, but 
though the exact methods used were not known, Sung Ying-Hsing was aware of the principles 
of them. The Thien Kung Khai Wu says: 
“As regards iron weapons, the thin ones are termed sabres and swords. When the back is thick and 
the edge is thin then they are called axes, great and small. The best of all sabres and swords have a 
hundred-times refined steel for the outer layers, but inside as their ‘bones’ (ku)!*4 they have iron 
which has not been made into steel. If they were not made with steel outside and irén inside they 
would break when struck violently against anything. Even if made with only one ‘inserted steel’ 
(chhien kang)'** layer,** ordinary knives and axes would cost a great deal. Precious swords can even 
cut through iron nails. But after several thousand sharpenings on the grindstone, the steel may wear 
away and the iron appear. Japanese swords are no wider at the back than two tenths of an inch or a 
little more, yet they will stand up when balanced on the fingers of the hand; we do not know by 
what art of hammering (the siniths accomplish) this, and the method has not been handed down in 
China. The strengthening of sabres and axes (pikes or halberds) is brought about by the smooth 
insertion of steel (chhien kang) or the even wrapping of it (around softer metal) (pao kang),1°6 and 
then plunging in water for quenching (ju shui tshui).157 The sharpness is brought to perfection by 
the grindstone... .” 


* Among books may be mentioned the recent one of Inami Hakusui in English, and the older production 
of Joly and Inada. The latter gives a translation of the 8th chapter (on swords) of the Honché Gunkiko 
(Study of the War Material of the Present Dynasty) by Hakuseki Arai (pr. +1737 but finished in +1709). 
It also adds many commentaries and explanations, but suffers (like the book of St Julien and Champion 
long ago) from the great failing that the remarks of the authors themselves are not always clearly dis- 
tinguished from the texts translated. Among papers there are those of Hiitterott(1); W. A. Young; 
Hawkins(1). 

+ (1), pp.85ff; cf. Joly and Inada, pp.8s5ff. 

t Quoted in Furushima Toshio(z), p.304. 

| For these references we are indebted to Mr J. R. McEwen. 

$ Notably that of the coloured woodcut (cf. our vol.6). 

© Ch.1o0, p.2a; tr. auct. 

** To appreciate fully the meaning of this, see Leroi-Gourhan(3), p.g. 
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With the diagrams of Fig.51b before us, we can understand what the writer meant by ‘‘inserted 
steel” and ‘‘wrapped-around steel”’ without any difficulty. 
Retracing our steps in time, we find a passage dating from the middle of the +12th century 
in the Hsii Po Wu Chih of Li Shih. He wrote:* 
“The to-hsiao!®8 (swords) look like sabres or spear-heads, yet after long use the edges break off into 
holes. But the phang-ta!®*® (sabres), which come from Li-shuit and are decorated in the metal, can 
cut through anything. The barbarians especially appreciate them, and every month worship them 
with blood. Tradition has it that they come down from heaven and are not made by men. The 
hardened edge of the sword is melted with the use of a poisonous drug, and so cast. (Such a sword) 
shines sparkling like a star, having been quenched in the blood of horses, and anyone wounded by it 
will immediately die. In (such) sabres and swords, the back is made of soft iron (jou thieh wei ching 
kan).)© Pure steel (shun kang) cannot be used alone, for it would be too brittle.” 
Li Shih may have been a little too credulous about the swordsmith’s art, but he evidently 
understood the principle of welding steels of different hardnesses together. And it looks as if 
the to-hsiao swords (a term which literally means “‘bell-melted”) were the cheap weapons 
made of uniform metal, while the phang-ta ones (literally “‘side-penetrating”’) were welded. 
A hundred years earlier swords from Japan were already admired, as witness a well-known 

poem of Ouyang Hsiu’s (about +1060): 

“From the land of the rising sun come precious swords, 

Across the eastern sea the merchants of Yiieh fetch them, 

With scabbards of fragrant wood, sharkskin-covered, and bearing 

Designs in silver and gold, trappings of brass and bronze; 

For a hundred pieces of gold (if you like such things) you can buy one 

And buckling that on your belt, defy all roadside hags and devils.”’ 


But more useful is the discourse of Shen Kua on ancient Chinese swords (about +1083). He 
wrote as follows: 


“Ancient swords have the so-called shen-lu!™ and yii-chhang'® effects. Now the word shen should 
be pronounced here chan, that is to say ‘dark-coloured’. Ancient people used chi kang!® (‘com- 
bined steel’) for the edge, and a soft iron (jou thieh) for the back, otherwise it would often break. 
Too strong a weapon will cut and destroy its own edge; this is why it is inadvisable to use nothing 
but ‘combined steel’. As for the yi-chhang (fish intestines) (effect)|| it is what is now called the 
‘snake-coiling’ steel sword (phan kang chien)}*4 or alternatively the ‘pine-tree design’ (sung wén).16° 
If you cook a fish fully and remove its bones, the shape of its guts will be seen to be like the lines on 
a ‘snake-coiling’ sword.” 

Here again the combination of steels is quite clear. And it is attributed to the work of previous 
centuries. 

So far we have reached no decision between China and Japan as to antiquity. According to 
the Japanese traditions, however, the making of welded steel swords and sabres began when 
“some naturalized smiths taught it at Oshinumi” in the days of the Prince-Regent Shdtoku 
Taishi (+573/-+621).§ At that time (ca.+607) Chinese artisans of every kind flocked to 


* Ch.g, p.1b; tr. auct. 

t In the mountains of southern Chekiang near the Fukien border, i.e. ancient Wu and Yiieh, the haunt of 
Kan Chiang. 

t MCPT, ch.19, para.7; tr. auct. 

|| Perhaps the term yii-chhang, fish intestines, may have been taken from the old story about Chuan Chu 
(G/504) who in the —6th century was employed by Kungtzu Kuang to assassinate Duke Liao (r.—525/ 
—514) of Wu with a dagger hidden in the belly of a fish served up to table; Wu Yiieh Chhun Chhiu, ch. 3% 
Kungtzu Kuang was none other than Ho Lu, whom we have already met with (p.4). Liang Yuan Ti 
opined that it must have been a steel dagger (Chin Lou Tzu, ch.6, p.13a). 

§ Chikashige(1), p.87; cf. Papinot(z), p.591. 
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Japan, often by way of Korea, from the capitals of Liang and Wei.* It must, therefore, be 
significant that passages have already come before us which indicate the knowledge of the 
welded sword technique long before then. For instance there was Chhiwu Huai-Wén about 
-++545 with his “‘sabre-backbone”’ made of iron or soft steel.t A detailed description of the 
welding of a composite sword-blade, with its backbone (chi)!6* of wrought iron or soft steel 
and its cutting edges (jen)16? of hard steel, may be found in the Tung Hsiang Ssu Ming Ching 
(Divination Manual of the East Country), already mentioned. In this work, long passages of 
which are preserved in encyclopaedias,{ and which is probably pre-Thang, the description is 
put into the mouth of Hsiieh Chu, the semi-legendary connoisseur of swords and sabres at the 
court of the king of Yiieh in the —5th century. The text may well date from about the time of 
Chhiwu Huai-Wen. Then earlier there was the swordsmith Juan Shihj| in the +3rd century, 
so skilled at “combining in harmony the hard and the soft”. There can therefore be little 
doubt that the basic process grew up in a purely Chinese milieu before it reached the island 
scene of its greatest successes. But perhaps the Chinese smiths might have been willing to say, 
with the writer of the Kuan Yin Tzu book:§ “‘Only those who have the Tao can perform these 
actions — and better still, not perform them, though able to perform them!” 

The problem would thus be comparatively simple historically if East Asia was the only 
home of the multiple-welding technique. But in fact it spread in a vast zone all across the 
northern part of the Old World, and as yet there is no certainty about the date and place of its 
origin. It was not characteristic of the Roman Empire, but rather Celtic, Germanic, Scandi- 
navian and Slav. The metallurgical archaeologists of the Nancy group have now made careful 
studies] of many welded swords of Celtic, Merovingian (++-400/ +750) and Carolingian dates. 
From these it is clear that wrought iron billets were steeled by cementation to varying degrees,** 


* Sansom(1), pp.6off. 

+ See. p.26 above. 

t Especially TP YL, ch.665, p.2b. 

|| See p.24 above. 

§ Ch.7, p.1a; quoted already in vol.2, p.449. 

{| See especially France-Lanord(1,2); Salin and France-Lanord(1); Salin(1,2,3). 

** A particularly interesting technique used by the Germanic smiths was the addition of goose dung to 
the charcoal. At Nancy it was suspected, and then experimentally proved, that this was done in order to 
assist the hardening of the steel by raising its nitrogen-content. The saga of Theodoric of Bern (cf. 
Erichsen,1), which gives the story of Wieland (Wayland Smith) tells (p.131) how he pounded an un- 
satisfactory sword into small pieces and fed them to geese, then recovering the iron (freed from scoriae in 
the crop) from their excreta. All such legends probably imply artificial nitrogen-donators. Al-Birani 
(ca. +1030) repeats the story of Theodoric; it is also in Biringuccio (+1540), 1, ch.7 (cit. Percy(2), 
p-809). The nitrogen hypothesis was suggested long ago by Beck(r1), vol.1, p.836. Legends of iron-eating 
animals found their way into Chinese texts; e.g. the Hsin Thang Shu, ch.221B, pp.6a,b, which, describing 
the ostriches sent as tribute by Tokharestan in +650, says that they were like camels and could swallow 
iron (cf. Laufer(32), p.30; Hirth and Rockhill, p.129; Togan(3), etc.). The Shth I Chi, much earlier, for it 
was written by Wang Chia about + 370, has an amusing story (ch.10, p.8b) about the appearance of iron- 
eating animals at the court of the Wu State in the previous century. “In the Khun-Wu mountains”, he 
said, ‘there are certain animals as large as hares with fur the colour of gold, which live on the cinnabar 
deep down under the earth, where they have their burrows. They also eat bronze and iron, so that their 
gall-bladders and kidneys are like iron, but those of the female are coloured white like silver. Formerly, 
in the days of the Wu kingdom they got into the arsenals and ate up all the iron weapons, without 
disturbing the sealed doors in any way. When a search was made the animals were hunted and two were 
caught, one white and one yellow. On being killed and cut open, the iron viscera were found, so it was 
clear where the iron weapons had gone. Then the king ordered the swordsmiths to melt down these 
organs and make two swords, one male and one female, which he named Kan Chiang and Mo Yeh 
respectively ....”? But we have not encountered steel-making processes in China which involved the 
addition of nitrogen — doubtless because cementation itself was so little used there. 


43 


THE DEVELOPMENT OF IRON AND STEEL TECHNOLOGY IN CHINA 


then welded together in a variety of ways, differing from the Sino-Japanese chiefly in that the 
composite strip intended for the backbone was many times twisted on itself before being 
surrounded by the hard edge steels.* Another difference was, of course, that the Frankish 
weapons were always swords while the East Asian ones were generally sabres. In Celtic lands 
the great age for this work was from the +1st to the +gth centuries, but the first traces of 
welding could be found in one sword from Téne age III, about —100 in date. Variations of the 
same procedures are found in +8th century Viking swords,t and +12th century North 
Italian ones.{ By the +-11th they were well known to the Arabs, and al-Birini, who wrote at 
length on them, knew something of the way the Frankish (faranjiya) and Russian (slimdaniya)|| 
blades were forged.§ The suspicion grows that if the original home of the technique was 
neither Chinese nor Celtic, it must have been in some central region of the Old World whence 
it spread in both directions. Togan(3) gives some reasons for identifying Kucha and Aqsu in 
modern Sinkiang as ancient iron-working centres which exported east and west; failing this, a 
focus will have to be sought among peoples such as the Sarmatians, Huns or ancient Turks.** 


Wootz IN CHINA 


In one of the quotations just given, Shen Kua wrote somewhat mysteriously about “‘fish-gut”’ 
effects, ‘coiling snake” and ‘‘pine-tree” designs in the substance of swords. What he was 
talking about was undoubtedly the effect known as “damascening”, the appearance in the 
metal of innumerable veins, sometimes in concentric circles or wavy meanders, sometimes 
running along side by side, and often having a shot silk or moiré appearance (Fig.53). This 
effect can be obtained in more than one way, for it appears both in the welded blades of which 
we have been speaking,}t and in homogeneous blades fashioned from the wootz steel of India 
already mentioned,{t or from Chinese co-fusion steel. In fact, hyper-eutectoid steel must be 


present.|||| 
As we know, the metallographic structure of steel is profoundly affected by its carbon 


content. Above 2°5 per cent, as in grey cast irons,§§ much of the carbon is free as graphite, but 
in the range of steels it is all present (as in white cast iron) as the compound ferric carbide 
(Fe3C, cementite). Low-carbon hypo-eutectoid steels (C below 0-8 per cent) are soft, being 
mixtures of iron (ferrite) and pearlite (ferrite-cementite), but the high-carbon hyper-eutectoid 


* Cf. Anstee and Biek. 

+ Cf. Rohde(z). 

t Cf. Panseri(r). 

|| Cf. Kolchin(1), p.117. 

§ Togan(3) has given a résumé of what al-Birini says in his Kitab al-Jamahir fi ma’rifat al-Jawahir. 

§] It will be remembered that the wall-paintings of +5th or +8th century cave-temples in these areas 
show warriors wearing long swords with cruciform handles (Fig.54) resembling those of the Carolingian 
and later periods (+-8th century onwards) in Europe. Cf. von Lecoq(r), pp.116, 117, 124, on the caves of 
Kumtura and Kyzyl, near Kucha. 

** This situation thus resembles that which we find with regard to the invention of the stirrup (our 
vol.4, pt.3). 

+t Their metal is thus known as “‘schweissdamast-stahl”’ or “‘damasco saldato’’. 

t{ The metal of these is known as “‘gussdamast-stahl” or ‘“‘damasco orientale”’. 

||| But European iron-workers managed to imitate it in later centuries by the welding on of wires and 
strips; see Belaiev(1). We cannot survey here the large literature on damascening, but may mention 
papers by Hendley(1); Schmitz(1); Schwarz(1). An excellent introductory discussion will be found in 
Coghlan(z), pp.155ff. 

§§ We defer to the section on metallurgy in our 5th volume, the study of the chemical composition of 
mediaeval iron and steel, Chinese and Western. 
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steels (C from 0-8 to 1-8 per cent) are very hard indeed, for globular cementite particles 
alternate with pearlite in lamellae or layers.* All through the Middle Ages the high-quality 
crucible wootz produced in Hyderabad and exported from India through places like Herat 
was the principal source of Muslim hyper-eutectoid steel, and from it were forged the famous 
“Damascus blades” t of Syria, Persia and all the Islamic countries. Thus the patterned surface 
which they presented was produced by a method quite different from that of the welded 
weapons of the north from France to China and Japan. It is noteworthy that the Indo-Islamic 
wootz participated in the birth of modern metallurgy, for Pearson analysed it in +1795, and 
the interest which it aroused in Faraday in 1822 was among the factors which led to the 
invention of the new alloys of iron with chromium and nickel.{ Moreover, it assisted at the 
beginnings of metallographic microscopy, for in 1841 Anossov used the microscope to unravel 
its secrets.|| 

In spite of the fact that the swordsmiths of China and Japan worked mostly with welding 
techniques,§ the question arises whether they used any wootz steel also. That this was 
exported eastwards as well as westwards is strongly indicated by the existence of the Japanese 
term namban tetsu (iron from the southern barbarians) for this kind of steel.{] If it was in part 
what Shen Kua was describing, then other evidence might be available that Indian high- 
carbon steel reached China. Such evidence is not too difficult to find. Li Shih-Chen in +1596 
enumerated three kinds of steel (a) that made in co-fusion by the clasping (chia)!®* of cast and 
wrought iron, (5) that made from pure white cast iron (ching thieh) by the direct decarburiza- 
tion process in the “hundred refinings’’, and (c) that “which comes from the mountain islands 
in the midst of the south-western sea, and which is in appearance like tzu shih ying) (i.e. 
amethyst, purple quartz, or green fluorspar veined with purple)’’.** It seems fairly obvious that 
the third kind of steel must have been wootz, and Li Shih-Chen was strangely right in classify- 
ing it as made by a third and entirely different process. But more interesting still is the fact 
that Li Shih-Chen quotest+ from a book called Pao Tsang Lun (Discourse on the Contents of 
the Precious Treasury (of the Earth)), which says: 
“Of iron there are five kinds. Iron of the Ching district comes from Tang-yang (in Hupei), its 
colour is purple and it is hard and sharp. Another (sort) is the iron of Shang-jao (in Chiangsi). 
Steely iron (pin thieh)!7° comes from Po-Ssu, hard and sharp, it can cut gold and jade. Thai-yuan 
(Shansi) and Szechuan mountain iron is stubborn and hard to work (wan chih).1"}{ Hard iron (kang 


* On this see particularly the works of Belaiev(1,2,3,); Zschokke(1). 

+ Information about the origin and fabrication of these reached Europeans gradually through +17th 
century travellers such as Chardin and Tavernier. Some Arabic texts concerning them have been 
translated, notably a tractate ascribed to the philosopher Ya‘kib ibn Ishaq al-Kindi of the + 9th century, 
incorporated in a larger work of the + 13th (von Hammer-Purgstall,1.). Al-Kindi said that the steel came 
from Ceylon, Tavernier thought it came from Golconda; in any case it was forged in Syria, Iraq and 
Persia. Al-Birini said that it came from India in egg-shaped cakes (cf. Togan,3), and that the swords of 
Rim were simple, i.e. homogeneous. 

t Cf. Stodart and Faraday. 

|| Cf. Belaiev(4). 

§ Note that hyper-eutectoid steel was produced more easily in mediaeval times by the Chinese than by 
the Europeans. For the former were removing carbon from a carbon-rich raw material, cast iron, while 
the latter were adding it to a carbon-free raw material, wrought iron. 

| Cf. Hannack(1). 

** PTKM, ch.8, p.37b. Edkins long ago communicated this passage to Day (1, p.185) whence it was 
copied by Sir Richard Burton(1), p.115, and Beck(1), vol.1, p.296, as from the ‘‘Pent Saow’’. By some 
misunderstanding, they supposed the author to say that the third process was secret, but there is nothing 
about that in the text. 

+t PTKM, ch.8, p.36a. 

tt Presumably cast iron. 
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thieh) comes from the rocks of the mountains among the aguish south-western seas, and in appear- 
ance it is like (veined) purple quartz (tzu shih ying). Water and fire cannot hurt it; it will cleave 
pearls and cut through jade.’”’* 


This book is of course lost. Li listed it in his bibliography} as Hsiian- Yuan Pao Tsang Lun, and 
indeed a Huang Ti Pao Tsang Ching is contained in the bibliography of the Sung official history, 
though its ascription to Tshao Chih, the Taoist prince of the +3rd century, is hardly accept- 
able. Still, the style is archaic, and might reasonably be taken to point to the import of wootz 
steel from India in pre-Thang times (z.e. the +6th century and before).|| It will be seen that 
two routes are mentioned, if we assume (with Laufer),§ as is probable here, that Po-Ssu refers 
to Persia and not to the Malayan country of the same name, which would duplicate the 
“aguish islands of the south seas’’.§] Later references are more explicit.** Thus the Ko Ku Yao 
Lun of +1387 says{t that pin thieh is produced by the Western Barbarians (Hsi Fan) and that 
its surface exhibits patterns like the winding lines of a conch-shell or those on sesame seeds, or 
else like snowflakes. Some think that the word pin is a loan from one of the Turkic or Iranian 
languages transliterated into Chinese.{{ Indeed one would not be going far wrong in accepting 
it as a technical term for wootz steel.|||| 

Leroi-Gourhan(3) has acutely made the point that the alternating layers of hard cementite 
and less hard pearlite repeated on the scale of micro-structure just what the smiths accom- 
plished with their large-scale welding. Of course, until modern times, this could never have 
been conscious. But both methods were stages, perhaps by accident stumbled upon, in that 
search for combined hardness and elasticity of which we saw the beginning in the bronze-age 
swordsmith of the Lii Shih Chhun Chhiu with whom this lecture opened. Leroi-Gourhan 
further adds that the principle of welding together strips and billets to form a single blade 
amounted, after all, to the construction of a multiple-leaf spring, and that its appearance 
therefore in those central and eastern regions of the Old World where the composite bow was 
most at home, may well be no coincidence. 


SUMMARY 


Let us now attempt to summarize the rather complex collection of facts which have been 
assembled in the preceding pages. 

(1) In China metallic iron seems to have been known only from about the —6th century 
onwards. If the first products of smelting were blooms of carbon-free iron, as in the western 


* Tr. auct. 

+ Ch.1a, p.26b. 

} What made Laufer(1), p.515, ascribe it confidently to the + 10th century we do not know; in any case 
he misinterpreted the name of the author. 

|| This is in fact assured by the mention of pin thieh among the products of Sassanian Persia in two of the 
dynastic histories, Chou Shu, ch.50, p.17a, and Sui Shu, ch.83, p.15a. The first deals entirely with the 
+6th century. 

§ (1), p.515. 

| Another route seems to have been through Kashmir (cf. Thai-Phing Huan Yii Chi, ch.182, p.12b). 
ee Ming I Thung Chih mentions it as coming through Hami in Sinkiang (ch.89; cf. Bretschneider(3), 
p.21). 

** On Sung and Liao references see Mayers(3), p.175. 

tt Ch.6, p.14b. 

tt Laufer, loc. cit. 

||| ‘Towards the end of the +-17th century Cantonese sabres were being made from pin thieh, hardened 
by quenching a hundred times (Kuangtung Hsin Yii, ch.16, pp.6b ff.) but by then the term may have 
come to mean good steel in general. Yet the products were damascened in “‘plum-blossom” and “horse- 
pet patterns, indicating welding if not wootz. This passage also discusses European swords of the 
period. 
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part of the Old World, they and their “‘Stiickofen” furnaces have left no traces, either textual 
or archaeological, of their existence. 

(2) Cast iron appears from the —4th century onwards at latest, used both for agricultural 
implements, moulds for tools and implements, and weapons of war. Factors connected with 
this early appearance of the fully liquid metal (some seventeen centuries before it could be 
obtained at will in the West) probably included the following: 


(a) the use of ores exceptionally rich in phosphorus, or the addition of small amounts of 
phosphorus-rich minerals to the blast-furnace charge, 


(b) the availability of good refractory clays, permitting not only the construction of adequate 
though small blast-furnaces, but also the use of crucible processes in some parts of the 
country, 


(c) the application of reciprocating motion to double-cylinder bellows for metallurgical 
purposes as early as the —4th century, 


-(d) the invention of the double-acting single-cylinder piston bellows, giving a strong and 
continuous blast, used probably from the —2nd century onwards, and provided with 
iron tuyéres at least as soon as the beginning of the +3rd century, 


(e) the application of water-power to these bellows, or perhaps to hinged types even larger, 
in the +1st century or a little before, 


(f) the use of coal, at least from the + 4th century, perhaps long before, permitting the 
building of a very hot pile around crucibles, the contents of which were protected from 
sulphur by luting. 

The consequent abundance of cast iron in ancient and mediaeval China constituted a radical 
difference from the siderurgical industry in the rest of the Old World, and led to many 
corollaries. 

(3) If steel was produced by cementation of wrought iron in the Chou and Chhin periods 
(as would be expected from European parallels) this has left no traces, textual or archaeological, 
so far discoverable. 

(4) On the contrary, the characteristic Chinese process of steelmaking was decarburization 
direct from cast iron, not the addition of carbon to pure iron. This method, known for many 
centuries as the “hundred refinings’”’, depended upon the discreet employment of an oxidizing 
blast of cold air, and developed side by side with the more drastic process of fining cast iron to 
wrought iron. It seems to have been fully in use from the —2nd century onwards. 

(5) By the +17th century this oxidizing technique had led to procedures in China and 
Japan whereby a mass of molten iron was subjected to cold blast so that something like cast 
steel resulted. Direct migration of Chinese workmen skilled in this work immediately preceded 
the group of inventions associated with the name of Bessemer. In any case the Chinese 
processes were theoretically ancestral to Bessemer conversion. 

(6) From the +5th century onwards a great deal of steel was made in China by a method 
which we call, inadequately, ‘‘co-fusion”. In this technique, wrought and cast iron were 
heated together, the pasty lumps of the former being bathed in the fully liquid carbon-rich 
phase. Though in the +11th and +12th centuries sometimes considered of less high quality 
than the decarburization steel, it could, under suitable conditions, match it, as we know from 
modern experimental work. A reconstruction of the mediaeval Chinese process has given good 
eutectoid steel. The co-fusion method may have been known to the Arabs in the +11th 
century and was known and used in Europe from the + 16th, though probably not extensively. 
It is theoretically ancestral to the Siemens-Martin open-hearth and similar processes. 
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(7) The welding of hard and soft steels to make the blades of weapons was known and 
practised in China at least as early as the +3rd century. In the +7th century, the art was 
transmitted to the Japanese, who centuries later brought it to the height of perfection, though 
after the +16th it was little cultivated in its Chinese home. Since the procedure was also 
known and widely used among the Western European peoples (though with certain differences 
of detail) from the +1st to the +g9th centuries, it seems likely that we must seek for the 
original focus in Central Asia, perhaps in some of the cities of Sinkiang, whence it would have 
spread in both directions from about the —2nd century. 

(8) The damascene pattern in the Chinese culture-area derived, however, not only from the 
welding processes just mentioned, but also (to a much lesser extent) from the importation of 
the hyper-eutectoid wootz steel of India, in relatively small amounts, from about the +6th 
century onwards. This trade seems to have taken several routes; e.g. Persia and Kashmir as 
well as Malaya and Indonesia. 

(9) Once cast iron became available in Europe also, from about +1380 onwards, all these 
ways of using it quickly follow, indeed well within two centuries. If they and the blast-furnace 
had all been, as has usually been thought, independent inventions, one would perhaps have 
expected a slower evolution. 
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FIGURE I 


Two-édged bronze swords with antenna-pommels and ring-pommels, showing the techno- 
logical continuity between Shang and Chou China and Europe at the time of the Hallstatt 
culture. Left to right: Denmark, China; the Kuban (Russia), China. From Science and Civiliza- 
tion in China, Vol.1, page 160. Redrawn from Janse(r). 


FIGURE 2 


Ancient forms of Chinese characters concerned with smelting and forging; see text. The 
numbers refer to Karlgren’s Grammata Serica. 


FIGURE 3 


Ritual garments still in use by sword-smiths, in Japan. Miyaguchi Yoshihiro and one of his 
pupils in formal dress at the entrance of the smithy. From Inami(1). 


FIGURE 4 


Cast iron tools of the Warring States period in China (ca. —4th century) excavated from tombs 
and sites at Hui-hsien, Honan province. Cf. Wang Yi-Chhiian(3) and the full report in 
Anon(4). Sketches made at the Imperial Palace Museum, Peking, by F. McK., October 1952. 


FIGURE 5 


Cast iron moulds for metal implements, perhaps hoes (bronze or cast iron), excavated from 
tombs of the Warring States period (—4th century) at King Shou Tomb Village, Hsing-lung, 
Jehol province. From Chéng Chen-To (and Hsia Nai)(1); original photos kindly sent from 
Peking. Full publication in Chéng Chen-To(r) and Chéng Shao-Tsung(r). 


FIGURE 6 
Cast iron mould for chisels or two-pronged hoes. Warring States period; details as for Fig.5. 


FIGURE 7 
Cast iron mould for broad hoes, shallow spades, or axes. Warring States period; details as for 
Fig.5. 
FIGURE 8 


Cast iron mould for “dagger-axes” (long-hafted pick-axe tomahawks), or narrow axes. 
Warring States period; details as for Fig.5. 


FIGURE 9 


The attempted assassination of the King of Chhin State (later the first emperor of all China, 
Chhin Shih Huang Ti) by Ching Kho in —227, as portrayed on the reliefs of the tomb-shrines 
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of Wu Liang (d. +147). The king (whose head is damaged in the relief) is seen springing away 
to the left, unable to draw his long iron sword, while the ring-pommelled (bronze) sword of 
Ching Kho has pierced a pillar harmlessly. His assistant, Chhin Wu-Yang, cowers above 
(i.e. in the background), while below (z.e. in the foreground) we see the boxes containing the 
head of the general Fan Yii-Chhi and the map of the Tu-kang domain, which had been the 
pretexts for the interview. On the right Ching Kho is being held by the royal physician, Hsia 
Wu-Chii, who has thrown his bag of drugs around him. Rubbings and commentary by Jung 
Kéng(r). 
FIGURE 10 

Cast iron funerary stove excavated from a grave near Ma-chia-chai village, north of Hsien- 
yang, Shensi province, and dating from the end of the Han period, ca. +220, or perhaps a few 
decades later in the Three Kingdoms period. In general form it closely resembles the typical 
Han pottery burial cooking-stoves (height 134 in., length 28 in., width 16 in.). Elephant- 
headed feet support the horseshoe-shaped body of the stove, which has five cooking-holes, a 
ledge in front of the hearth, and a chimney. An inscription cast on the side of the body in 
raised characters reads ‘“‘Great felicity and prosperity! May this be serviceable to the lords and 
princes!” This is typical of the epigraphy of Han votive objects. The stove is of interest 
because in view of its material it may be termed a “working model”, though intended for 
interment as a magical symbol of the equipment which would brighten the lot of the deceased 
in the after-world. From Laufer(10). Field Museum of Natural History, Chicago. 


FIGURE II 


Statuettes in cast iron of a man and animals (ox, bear, rhinoceros) from the Han dynasty 
(ca. —200 to +200), found in tombs in Western Honan province. Cf. Read(4). Courtesy of the 
Royal Ontario Museum (Division of Art and Archaeology). 


FIGURE 12 


Cast iron vase of the Han period (ca.—200 to +200), with moveable rings for holding and 
carrying, in shape similar to contemporary vases of bronze and pottery. The adjoining plaster 
cast shows the inscription cast in raised characters of Han form on the bottom of the vase 
“May this be serviceable to the lords and princes!”’ —a typical Han formula. Cf. Bain(1). 
Courtesy of the Chicago Natural History Museum. 


FIGURE 13 


Han relief depicting iron-workers; on the right and in the centre, scenes of forging. The centre 
group could represent the forging of a billet under a hydraulic trip-hammer. On the left a 
scene in which molten metal seems to pour from a furnace opening. Identification due to 
Wang Yii-Chhiian(4), extended here with further suggestions. 


FIGURE 14 


Hydraulic trip-hammers in use, as most generally in China, for decorticating cereal grains. 
The earliest references to these machines date from the first decades of the +1st century; it 
may therefore be concluded that they were introduced during the last half of the —1st century. 
By the +2nd and +3rd centuries literary references become common. Though in this 
illustration (from the Thien Kung Khai Wu of +1637) a vertical (Vitruvian) water-wheel is 
seen, it is more probable that the earliest hydraulic trip-hammer batteries were worked by 
horizontal water-wheels and right-angle gearing. 
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FIGURE I5 

The oldest pictorial representation of the blast-furnace in Europe —a painting by Joachim 
Patenier (+1480 to +1524) made about +1510. The furnace would seem to be at least 12 ft 
high, perhaps some 15 ft; it has a staircase leading to the mouth, and a thatched workshop on 
the other side. Tapping is going on, and a long pig of triangular section is being formed. 
From Evrard(r), cf. Gille(g), No.38. According to Maréchal(z) the operations in the workshop 
to the left represent the Walloon process of fining cast iron to wrought iron by heating bars in 
a cold blast. The picture is in private ownership. 


FIGURE 16 
A later representation of a blast-furnace, probably painted in the valley of the Meuse in the 
region of Liége, by Lucas van Valkenborch (ca.+1530 to +1597). Date probably about 
+1580. Note the tipping in of a charge, the thatched workshops surrounding the furnace, and 
the vertical water-wheel with its race giving motive power for the bellows. The spring pole 
facilitating their cycle is also seen. From Evrard(1), cf. Gille(g), No.4ob. The picture is in the 
Kunsthistorisches Museum, Vienna. 


FIGURE 17 


Another representation by the same artist, doubtless painted about the same date. Here the 
blast-furnace is not much more than about 6 ft in height. Note again the water-wheel and the 
spring pole of the bellows. From Evrard(1), cf. Gille(g), No.4od. The picture is in the Gemalde 
Galerie at Dessau. 
FIGURE 18 

Crucible iron-smelting furnaces in Shansi province, near Phing-ting. The first smelting is 
carried out in the long crucibles seen on the left. Hand sorting having separated the unfused 
bloom-like iron from the fused lumps, the latter are assembled in the shorter crucibles shown 
on the right, and after re-melting cast into pigs. The crucibles are packed in a coal pile. 
From Read(4). 


FIGURE 19 
(a) Making crucibles from refractory clay at Yu-hsien, Shansi province. From Shockley(r). 
(6) Wall of a small iron-works at Lanchow, Kansu province, composed of old crucibles. 
(Photo. Needham). 

FIGURE 20 
General view of iron-smelting furnaces (crucible piles) at Ta-yang, Shansi province. From 
Shockley(r). 

FIGURE 21 
An iron-smelting furnace (crucible pile) in full blast at Kao-phing, Shansi province. From 
Shockley(1). 

FIGURE 22 


Crucible iron-smelting furnace at Yin-chhéng, Shansi province. To the left the hand-sorting 
is going on after a run. To the right, the pile is flanked on both sides, as in all these pictures, 
with the long crucibles, while old short crucibles are used to contain the coal at the open end of 
the pile. Long crucibles are also embedded in the pile. From Shockley(1). 
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FIGURE 23 


Crucible iron-smelting furnace at Yu-hsien, Shansi province, after a run. Note the effects of 
heat on the crucibles, which are being broken up to obtain the iron within. From Shockley(1). 


FIGURE 24 


Blast-furnace in operation, showing the double-acting piston-bellows, here manually operated, 
the tapping of the cast iron, and its conversion to wrought iron, with use of silica, on the fining 
platform. The legends are as follows: (at the top) ‘“The Furnaces for Cast and Wrought Iron”; 
(immediately to the left of the blast-furnace) ‘“‘Through this tube the cast iron flows out”; 
(further left) ‘Hence to the fining platform”; (under the pool of cast iron) ‘“‘Lumps of steel 
dropping out”, z.e. (probably) lumps of more viscous medium-carbon iron more suitable for 
conversion to steel in the co-fusion method (see page 26) than the cast iron itself, and separ- 
ated from it manually soon after tapping; (further left) ““Cast iron plates” set up to form a 
channel for the cast iron (cf. page 6 on moulds of cast iron); (beside the fining hearth 
workers) “Scattering dried and powdered estuarine sand”, i.e. adding silica to form fusible 
oxide slag. See text. From the Thien Kung Khai Wu (+1637), by Sung Ying-Hsing. 


FIGURE 25 


The oldest picture of a Chinese blast-furnace in operation, from the Ao Pho Thu Yung 
(+1334), by Chhen Chhun, the illustrations for which were drawn by Chhii Shou-Jen and 
Chhii Shou-I. Note again the manually operated blowing apparatus, which here seems to be 
rather of the large fan type (cf. Figs. 31, 32, 33) than the double-acting piston type (cf. Figs. 24, 
26, 30). The blast-furnace walls are strengthened by chains, and one workman is using the 
tapping pole or hook (cf. page 17). The fining platform is seen just as in the previous picture. 
In the foreground fuel or metal is being broken up by hammering. 


FIGURE 26 

A small Chinese blast-furnace photographed in 1900 by Lux(1), reproduced also in Johann- 
sen(2). Chiangsi province. In height 6 to 7 ft, these furnaces, the walls of which were bound 
with iron bands, were constructed of two superimposed portions, and suspended so that they 
could be tipped about 30° from vertical to facilitate tapping. Using brown and blackband 
ironstone the daily production of cast iron from one such furnace was approximately 1300 lb. 
Though coke was used, the S and Si content of the iron was high. Its chief use was for house- 
hold pots and agricultural tools. The double-acting piston bellows shown is made from a 
single tree-trunk. 


FIGURE 27 


Traditional blast-furnace of Yunnan province; plan and longitudinal section from Rocher(r), 
Vol.2, page 196. Height 11 to 12 ft, construction masonry, piston-bellows operated by water- 
power, daily production about 1800 lb cast iron. Typical of those in use about a century ago. 


FIGURE 28 


Traditional Yunnanese finery hearth for making wrought iron from cast iron; plan and longi- 
tudinal section from Rocher(1), Vol.z, page 203. 
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FIGURE 29 


Fire-pistons for igniting tinder by air compression, a method of fire-making characteristic of 
south-east Asia. From Hough(1). Provenance: (1) Siam, (2) Lower Siam, (3) Philippine 
Islands, (4) Philippine Islands, (5) Java. 


FIGURE 30 
(a) The Chinese double-acting piston bellows, small size for hand work. From Hommel(1). 


(b) Diagram of the construction. Only the clack valve at the outlet is shown, not those at the 
ends of the box. From Hommel(r). 


FIGURE 31 


The oldest illustration of a hydraulic blowing engine for metallurgical purposes; two pages 
from the Nung Shu (+1313) of Wang Chen. The two Chinese characters give its name, shui 
phai, “the hydraulic pushing machine”’. A horizontal water-wheel rotates a large driving-wheel 
above connected by a driving-belt with a small pulley (here badly drawn, looking like three 
bulbs one above the other). The shaft of this pulley rotates above an eccentric lug connected 
with one of the projections on a rocking bar. The other projection works a “‘piston-rod” 
connected with a large bellows of the fan type (cf. Figs. 32, 33). Note the mechanical advantage 
gained by the belt drive between wheels of unequal diameters, and the general solution of the 
problem of converting rotary to longitudinal motion in the +14th century. In the foreground 
pouring of the molten metal into crucibles or moulds is proceeding. The application of water- 
power to metallurgical bellows is attested by +1st-century texts, but the exact nature of the 
machinery used in the Han dynasty is not known. 


FIGURE 32 


Fan bellows of the Japanese tatara blast-furnaces worked by man-power, an 18th-century 
illustration. From Ledebur(z). 


FIGURE 33 


Scale drawing of one of these double fan bellows; dimensions of each fan about 4} ft x 3 ft. 
From Ledebur(z). 


FIGURE 34 


One of the cast-iron pagodas of China, the octagonal thirteen-storey structure at Yii Chhiian 
Ssu (Jade Spring Temple) near Tang-yang hsien, north-east of I-chang in Hupei province. 
With the top restored in 1835, it measures about 70 ft in height. The most probable date of its 
first construction is +1061, in the Sung dynasty, which makes it the oldest example now 
existing (unless the cast-iron pagoda at Ningpo, dating from +961, is still standing). This 
temple was founded in the +6th century by Prince Kuang of Chin for the celebrated monk 
Chih-I, founder of the Thien Thai school of Buddhism. The names of 115 monks and 57 
novices, spiritual descendants of this divine, are cast in the metal panels of this 53-ton monu- 
ment. From Boerschmann(r). 


FIGURE 35 


A cast-iron pagoda of the Ming dynasty (+15th century) at Pei-tu-tshun village in Shensi 
province, north-west of Sian. This nine-storey structure is also octagonal and about 74 ft 
high, but the construction is not wholly of iron for the plates are fixed to a masonry core. 
From Boerschmann(r). 
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FIGURE 36 


Temples on the top of the most famous pilgrimage mountain in China, Thai Shan, in Shantung 
province, to show the use of cast iron tiles; photograph by Boerschmann(3), often reproduced, 
as in Dickmann(3). In the foreground are the buildings of the Pi Hsia ‘Tzhu (Temple of the 
Goddess of the Coloured Clouds), the central hall of which is roofed with tiles of cast iron 
resembling clay tiles in shape and size. The cast iron tiles have been used on these temple 
roofs since the early +15th century (early Ming) at latest. The tiles on the roof of the further 
hall are of bronze (some accounts say brass or copper, but more improbably), but whatever the 
metal used, its weight gives great protection against wind damage. Passing to the right through 
the archway in the foreground the pilgrim turns left and comes (upper right of the photo- 
graph) to the Tung Yo Miao (Temple of the Eastern Peak) which conserves a colossal inscrip- 
tion cut in the living rock from the autograph of a Thang emperor in +726. The pilgrim path 
can then be seen further to the left curving upwards between the Yuan Chiin Hou Kung 
(Palace of the Heavenly Consort) on its left, and the Chhing Ti Kung (Palace of the Green 
King, green being the colour of the east) on its right. Eventually the path makes its way to the 
highest peak (top right), where stands the Yii Huang Ting (Summit Pavilion of the Jade 
Emperor, first person of the Taoist Trinity). This temple is completely roofed with tiles of 
cast iron, proof against any gale. The platform on which it stands is hallowed ground, visited 
by almost every ruler of China since the —1oth century; and bears a great uninscribed stele 
dating from the —2nd or —3rd century. On the left of the picture, in the background, is the 
Khung Tzu Miao (Temple of Confucius), reached by a side way from the pilgrim path, which 
comes up from the left of the view. Between this temple and the Pi Hsia Tzhu can be seen the 
top of the Pei Tou Thai (Altar of the Great Bear), a low stone tower of square cross-section 
pierced by archways in both directions, dating from the +16th century. Identifications from 
Moule(2). 


FIGURE 37 


One of the iron-chain suspension bridges of traditional type thrown across the Mekong river 
(the Lan-tshang Chiang) near Paoshan in Yunnan province. In nearly all these bridges the 
deck was laid on the catenary curve rather than suspended from it. Owing to the considerable 
lateral swing, they were unsuited for any heavy vehicle. The bridge houses at each end are a 
characteristic feature. Textual evidence shows that the use of wrought iron chains for this 
purpose goes back to the +6th century. (Photograph Potts-Popper.) 


FIGURE 38 


Chinese cast iron statues; one of a pair of recumbent lions from the +-6th century. According 
to Read (in Pinel et al., and in Gloag and Bridgwater) the earliest known dated example. The 
inscription reads: ‘‘Made on the twenty-fourth day of the seventh month of the 3rd year of the 
Ching-Ming reign-period of the Great Wei dynasty”’, 7.e. 11 September, +502. Length 14} in., 
height 54 in., width 73 in. 


FIGURE 39 
Chinese cast iron statues; a standing figure of the goddess of mercy, Kuan Yin, also in the 
collection of T. T. Read. Inscribed on the front of the base in cast characters (partly decipher- 
able in the photograph) is the following: ‘“‘Image respectfully made for his parents by Chang 
Wen, at the Cloud Light Temple, Bell Rock Mountain, on the twenty-eighth day of the third 
month of the rst year of the Thien-Pao reign-period (of the Northern Chhi dynasty)”, z.e. 
30 April, +550. Overall height 31 in., weight 50 lb. 


7I 


THE DEVELOPMENT OF IRON AND STEEL TECHNOLOGY IN CHINA 


FIGURE 40 
Chinese cast iron statues; one of the world’s largest iron-castings, the great Lion of Tshang- 
chou, set up by Kuo Jung, emperor Shih Tsung of the Later Chou dynasty, in commemoration 
of his campaign against the Liao (Chhi-tan) Tartars in +954. From T. T. Read, figured in 
Gloag and Bridgwater. Dimensions, height 20 ft, length 16 ft. Thickness of metal wall varies 
from 1} to 8 in. Small sections were poured at one time, and the joints between them are in 
some places quite weak. 


FIGURE 41 
Chinese cast iron statues; a seated figure of the goddess of mercy, Kuan Yin, probably of the 
Sung dynasty (ca. +1200 to +1300). Presented by Dr Wu Lien-Té, Director-General of the 
Chinese Public Health Service, to the Royal Family in 1925, and now in the Collections at 
Windsor Castle. In her right hand the goddess holds her vase of the Water of Life, and in her 
left the branch of weeping willow which she uses to sprinkle it upon humanity. Courtesy of 
Sir Owen Morshead, Librarian of Windsor Castle. 


FIGURE 42 


Chinese cast iron statues; a seated figure of a Lohan (a Buddhist saint). An inscription on the 
back indicates that it was made for the Thien Ning temple at Peking in the third year of the 
Chia-Ching reign-period of the Ming dynasty, z.e. +1524. Height 32 in., width 17 in. Courtesy 
of the Royal Ontario Museum (Division of Art and Archaeology). 


FIGURE 43 


Casting kuo (large cast iron cooking pans with very thin walls), an illustration from the Thien 
Kung Khai Wu of +1637. In the background is seen the tub-shaped ‘‘cupola” furnace, with 
the legend “The iron is melted to a liquid state inside this”. Workmen with ladles are pouring it 
into the pre-heated moulds. In the foreground the man on the right is labelled ‘‘ Repairing the 
cracks” of used moulds, while the man on the left is labelled ‘‘Raising up the cover”. 


FIGURE 44 
Preparing the moulds for casting kuo, an illustration from the Ao Pho Thu Yung of +1334. 


FIGURE 45 


Yunnanese “cupola” furnace for casting kuo and other domestic and agricultural ware, as 
used nearly a century ago. Plan and longitudinal section from Rocher(1), Vol.2, page 207. Note 
the arrangement of the tuyere so as to blow down vertically, permitting the obtaining of very 
hot metal, indispensable for casting thin-walled objects. An iron plug at the top of the tuyére 
allows observation of its orifice and the melt. 


FIGURE 46 
Wire-drawing and making steel needles, an illustration from the Thien Kung Khai Wu of 
+1637. 

FIGURE 47 
Forging a ship’s grapnel anchor, an illustration from the same book. 
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FIGURE 48 


The ‘‘co-fusion” method of steel-making examined with the aid of modern technique. Low- 
carbon steel strips heated in a CO reducing atmosphere from 950° to 1000°C, and forge welded. 


(a) Steel strips packed with considerable quantities of crushed white (cast) iron between them. 
Much carbon has diffused into the strips at the welding planes but some unabsorbed cast iron 
is still present. 


(b) After heating for eight hours at goo°; a fairly uniform carbon content in steel of eutectoid 
composition has resulted, and the welding planes have become almost invisible. 
Courtesy of Dr P. Whitaker, Laboratories of Messrs Stewart & Lloyd, Corby, Northampton- 
shire. 

FIGURE 49 


Yunnanese blast-furnace of special design employed about a century ago for making cast iron 
destined for conversion to steel by the direct decarburization method. Plan and longitudinal 
section from Rocher(1), Vol.2z, page 212. The charge, exclusively composed of magnetite ore 
and chestnut charcoal, was upheld by a wrought iron grating of small mesh, which allowed 
only the molten metal to drop down into the chamber below. After a run of four or five days, 
when the chamber was becoming full and the refractory sand of the walls beginning to melt, 
the furnace was allowed to cool and the cast iron taken out. 


FIGURE 50 


Tipping tub furnace used about a century ago by the copper refiners of Yunnan province. 
Elevation and longitudinal section from Rocher(1), Vol.2, page 227. 


FIGURE 51 


Japanese methods of pattern-welding in sword-making, developed from the +7th century 
onwards and brought to the highest perfection in the +17th and +18th centuries. The 
original basis of this East Asian art was certainly the smith’s work of the Chinese from the 
+3rd century onwards. The problem of its relation with the parallel techniques used in Celtic, 
Germanic, Scandinavian and Slav lands from at least the + 5th century onwards remains 
unsolved. 


(a) The first part of the process, showing the plate of soft steel, the ‘‘platform metal” (thai chin, 
daigane), used as the foundation for a number of pieces of very hard quenched steel, the ‘“‘jade 
steel” (yii kang, tamahagane) welded on to it, to be folded into a laminated structure of at least 
fifteen layers. This is for the ‘‘skin metal” (phi chin, kawakane). Photograph from Inami(r). 


(b) Later procedures, summarized after Chikashige(1). The uppermost sketch shows two pieces 
of ‘‘skin metal” sandwiching an inner core of soft steel, the “heart metal” (Asin chin, shingane) 
and a strip of extremely hard steel, the “‘cutting metal” (jen chin, hagane) for the edge; see a. 
In b the core is confined to the innermost part, and in c the whole composite billet is cut and 
bent backwards on itself so as to bring two opposite grains of the “cutting metal” into the 
cutting edge. In d we see different ways of longitudinal bending resulting in the “heart 
metal” occupying a backbone position, and the “‘cutting metal” fixed along the edge of the 
blade. 


FIGURE 52 


A stage in Japanese sword-making, the hammering and forging of the daigane and tamahagane. 
From Inami(r). 
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FIGURE 53 


The shot silk or moiré appearance of damascene steel, a blade from the Tschernov Collection 
discussed by Belaiev(1). In this case the effect is produced by homogeneous hyper-eutectoid 
steel of wootz type. 


FIGURE 54 


Was Sinkiang (Chinese Turkestan) perhaps the most important ancient centre of siderurgical 
advancement, both for iron smelting and for the making of pattern-welded swords? A wall- 
painting from one of the cave-temples at Kyzyl (near Kucha and Kumtura, in Central Sinkiang, 
north of the Taklamakan desert and south of the Thien Shan) which represents a group of 
donors or benefactors of the ‘‘Tocharian” culture (+-5th to +8th century) before the Turkish 
period. The nobles or warriors are wearing the long steel swords (scramasax) with cruciform 
pommels, so characteristic of the Carolingian and later periods in Western Europe (+8th 
century onwards). Sketch by Griinwedel, reproduced by von Lecoq(1), page 116. In many 
other respects, e.g. clothing and ornaments, these Central Asian cultures of the early Middle 
Ages, though Buddhist in religion, exerted a great influence on later western Christendom by 
their transmissions. 
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CHOU pyn. 
(FEUDAL AGE) 


FIRST 
UNIFICATION 


FIRST 
PARTITION 


SECOND 
UNIFICATION 


SECOND 
PARTITION 


THIRD 
UNIFICATION 


THIRD 
PARTITION 


CHRONOLOGY OF CHINA 


HSIA kingdom (legendary?) 
SHANG (YIN) kingdom 


ca. —2000/ca. —1520 


ca. —1520/ca. 1027 


Early Chou period ca. —1027/ —722 
Chhun Chhiu period —722/ —480 
Warring States period —480/ —221 
CHHIN dynasty —221/—207 
HAN dynasty Earlier or Western Han —202/+9 
Hsin interregnum +9/+23 
Later or Eastern Han +25/+220 
Three Kingdoms Period (San Kuo) +221/+265 
Shu (west) +221/ +264 
Wei (north) +220/ +265 
Wu (south-east) +222/+277 
CHIN dynasty Western +265/ +317 
Eastern +317/+420 
Former (or Liu) SUNG dynasty +420/+479 
[Northern WEI dynasty (Tho-Pa 
Tartar) later split into Eastern +386/ +535] 
and Western 
Northern and Southern Empires +479/+581 
(Nan Pei Chhao) 
Chhi (Southern) +479/ +501 
LIANG +502/+557 
Chhen +557/ +589 
Chhi (Northern) +550/+577 
Chou (Northern) +557/+581 
SUI dynasty +581/ +618 
THANG dynasty +618/ +906 
Five Dynasties period (Wu Tai) +907/ +960 
Later Liang 907/ +923 
Later Thang +923/ +936 
Later Chin +936/ +946 
Later Han +947/ +950 
Later Chou +951/ +960 
[LIAO dynasty (Chhi-Tan Tartar) +907/ +1125] 


[Hsi Hsia State 


+990/ +1227] 
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FOURTH Northern SUNG dynasty +960/ +1126 
UNIFICATION 
FOURTH Southern SUNG dynasty +1127/ +1279 
PARTITION CHIN (Ju-Chen Tartar) dynasty +1115/ +1234 
FIFTH YUAN (Mongol) dynasty +1260/ +1368 
UNIFICATION 
MING dynasty +1368/ +1644 
CHHING (Manchu) dynasty +1644/+1911 
Republic +1912/ +1949 
People’s Republic -+1950 on 
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PLATE 1 


FIGURE 1. ‘T'wo-edged bronze 
swords with antenna-pommels and 
ring-pommels, showing the techno- 
logical continuity between Shang 
and Chou China and Europe at the 
time of the Hallstatt culture (Janse, 


1). 


Left to right: Denmark, China; the 
Kuban (Russia), China. From 
Science and Civilisation in China, 
Vol. 1, p. 160. 
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FIGURE 


Forms of the word chu, to smelt, 
taken from bronze inscriptions 
(—10th to — 3rd centuries). 


Forms of the components of the 
word chu, taken from oracle-bone 
inscriptions (—14th to —1oth cen- 
turies). 


2. Ancient forms of 


iw] 
K/1090 K/1090 h,i K/1055 
‘s Bone form of 
the word tuan, 
to forge. 


K/172 


Chinese characters concerned with 
smelting and forging. The numbers 
refer to  Karlgren’s Grammata 
Serica. 
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FIGURE 5. Cast-iron moulds for metal implements, —4th century China 


FIGURE 6. Cast-iron mould for chisels or two-pronged hoes, — 4th century China 
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FIGURE 7. Cast-iron mould for broad hoes, shallowyspades, or axes, — 4th century China 


FIGURE 8. Cast-iron mould for ‘dagger-axes’, —4th century China 
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FIGURE 10, Chinese cast-iron funerary stove, ca. +220 
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PLATE 7 


PLATE 8 


FIGURE 12. Cast-iron vase of the Han period, ca. —200 to +200, and plaster cast of the inscription 


FIGURE 13. Han relief depicting iron-workers, from Théng-hsien in Shantung 
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PLATE 10 


FIGURE 16 


FIGURE 17 
Blast-furnaces near Liége, from paintings by Lucas van Valkenborch, ca. +1530 to +1597 


PLATE 11 


FIGURE 18. Crucible iron-smelting furnaces in Shansi province 


(a) Making crucibles (b) Wall at iron-works, composed of old crucibles 


FIGURE 19 


FIGURE 20. Iron-smelting crucible furnaces in Shansi 


FIGURE 21. TIron-smelting crucible furnace in full blast 
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FIGURE 22. Hand-sorting the product of a crucible iron-smelting furnace 


FIGURE 23. Iron-smelting crucible furnace after a run 
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FIGURE 24. Chinese blast-furnace in operation with piston-bellows (+ 1637) 


FIGURE 25. 


The earliest picture of a Chinese blast-furnace in operation (+ 1334) 
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PLATE 16 


FIGURE 26. Small Chiangsi blast-furnace, +1900 
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FIGURE 29. Fire-pistons for igniting tinder by air compression 
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(b) Construction of piston bellows 
FIGURE 30 
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Fan bellows of the Japanese tatara blast-furnaces, + 18th century 


FIGURE 32. 


Scale drawing of Japanese double-acting 


FIGURE 33. 


fan. bellows 


FIGURE 34. Chinese cast-iron pagoda, 
+ 1061 


FIGURE 35. 


PLATE a1 


Chinese cast-iron pagoda, + 15th century 


PLATE 22 


FIGURE 36. The central hall of the temple in the foreground at Thai Shan 
is roofed with cast-iron tiles (+-15th century) 


FIGURE 37. Iron-chain suspension bridge over the Mekong river 
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Preparing moulds for casting iron kuo (+ 1334) 


FIGURE 44. 


Casting iron kuo or cooking-pans (+ 1637) 


FIGURE 43. 
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FIGURE 51. Japanese pattern-welding in sword-making (a) the first stage 


NB. hard slack shnded lark. 


Japanese pattern-welding 
in sword-making 


(b) further procedures 


FIGURE 52. Japanese sword-making 
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FIGURE 53. Damascene steel 
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FIGURE 54. Wall-painting in Sinkiang (+ 5th to +8th century) depicting warriors with long steel 
swords characteristic of the Carolingian and later periods in Europe (+ 8th century onwards) 


